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PROBLEMS CONNECTED WITH FLOOD-DRAINAGE. 


I.-INTRODUCTION. 

The subject which I propose to deal with in this course of lectures is one 
for which I have had some difficulty in finding a suitable title. The title which 
I have selected as being pei'haps more nearly a2)plicable than any other I could 
think of is “Problems connected with flood-drainage;” and the reason for its 
selection is mainly that most of the problems for which I have endeavoured to 
find practicable solutions have presented themselves to me while engaged in 
the attempt to unravel some of the complicated conditions which confront the 
designer of engineering works for the drainage of largo flooded tracts of 
country, and becoming specially complicated when the flood-water has to be 
discharged into tidal waters. My subject, then, consists of a collection of 
problems, ai-ising but of the conditions I have mentioned ; but I wish to avoid 
implying that they are only applicable to guestions of flood drainage, because 
some of them apply to the conditions met with in designing irrigation works, 
or,' in fact, wherever we have to deal with and control the flow of lar^e 
quantities of water. Now the first thin g that the Engineer has to consider is 
the eheaiiest and most efficient means of conveying water in large quantities ; 
and to find the method by which this can be done he has onl^ to u.se his eyes 
and take a lesson from Nature. In every country Nature is constantly at work 
transporting water from the high lands of the interior to the ocean by means of 
sti'eams and rivers, varying in size from the tiny rivulet to mighty rivers lilce 
the Amazon, the Mississipi, the Gang^ or the Mahanodi. This last-mentioned 
river, when in flood, pours into the sea a volume of about If million cubic feet 
in every second of time. It will perhaps enable you to realise better what that 
figm-e implies, when I say that if you wore to stand on the bank of the Mahanadi 
at Cuttack in full flood, during one hour there would flow past you enough 
water to cover the whole of the Calcutta maidan to nearly the_ height of the 
Ochterlony monument. Thus the general principle of conveying water in 
open channels is simple enough, and the Engineer has no difficulty in deciding 
on the construction of an artificial river, or open channel, as the most economi' 
cal method. It is in the way he sets about his work that he has to depart 
from Natm'e’s methods. A natural river is formed simply by the erosive 
action of the water, as it flows over the land, down towards the sea. The 
water thus scoops out a channel for itself, in the process of time, and the 
channel is of course just big enough to carry the quantity of water which has 
scooped it out, generally speaking. The Amazon would not have so large a 
bed if the greatest quantity of water that flowed down it were only as much 
as is discharged by the Thames ; and conversely the Thames would be very 
much wider and deeper if it had been scooped out by a volume similar to that 
discharged by the Amazon. The Engineer, however, cannot, for obvious 
reasons, follow this convenient plan of just letting the water run, and allowing 
the channel to adjust its own size. Ho has first of all to find out what is the 
quantity of water to be conveyed, and then he has to determine beforehand, 
by calculation, exactly what width, depth, and slope of channel will suffice to 

convey it. n i 

But his work does not end when he has designed ms channel. He also 
has to devise artificial means of regulating and controlling the flow of water 
in bis channel, so as to attain his end, whether drainage or in'igation or water- 
supply, by the most efficient means; and with this object he has to construct 
masonry woiks, such as sluices, weirs, regulators, falls, escapes, and so on. 

To take an examine. Let us suppose that an irrigation canal has to be 
constructed, and that the earth in the locality is of such a nature that.it is 
liable to he cut away by water flowing faster than a certain rate, so that the 
speed of the cui’rent in the canal must be kept below that rate. Now you 
know that the velocity of flow depends largely upon the fall or slope of the 
canal in the direction of flow; and we will suppose that the Engineer finds by 
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calculation that the limiting velocity in his canal will be attained by a slope 6f 
4 feet in the mile. But the levels he has taken show that the country through ' 
which his canal has to be made has a natural slope of ' 8 feet in a mile. In 
such a case Nature’s method would be to reduce the slope of her river by 
increasing its length, *.c., by making it crooked. If it was originally straight, 
the banks would be cut away, on one side or the other, by tho high velocity of 
the current, until the course of tho river became so crooked that its length 
was about doubled, and thus tho slope, and consequently tho velocity, was - 
reduced to tho limit at which cutting would cease. Thus, if two places, A and 
B, (fig. 1) were 20 miles apart, measured in a straight line, and the difEercnce, of 
level was 160 feet, then the slope would be at tlio rate of 8 foot por mile ; 

but if the canal wore doubled in length, tho slope would be (^J\p-z=) 4 feet per 
mile, which is the limit we assumed just now at which cutting would cease. 
This is one of tho reasons why rivets are crooked^ and tho fact is of importance 
to the Engineer who. has to deal with the training of rivers and tho mainte- 
nance of embankments. To return to our canal, it is manifestly out of the 
question to design a canal of double tho necessary length, and the Engineer 
has to again depart from Nature’s methods and devise some other means of 
reducing the velocity. 

Supposing the depth of the water in the canal is to bo 8 feet, and at the 
point A (fig. 2) tho surface of the water is level with the ground, so that the bed 
of tho canal is 8 feet below ground-Iovol, t.c., tho depth of cxcavatio'n is 
8 feet. Now, if Wo moke the bed of tho corral slope at the rate of only 4 feet 
per mile, while tho ground slopes at tho rale of 8 feet, it is clear that at the 
end of a mile tho bed of tho canal will bo only 4 feet below ground level, 
and at the end of 2 miles tho bed will bo at tho same level as the grourrd, while 
the surface of tho water will bo ‘8 feet above the ground. In such u case the 
banks of tho canal would Iravo to bo built up with earth token from tho land 
outside, to a height suflioiont to hold up tho water. At this rate tho surface 
of tho water at tho end of 4 miles would be no less than 16 foot above ground 
level, a height which would in ordinary cases bo quite inodmissiblo. You will 
now see thatj if wowdsli to grado tho bod of tho canal at a flatter' slope than 
the ground, it is necessary to resort to tho construction of niiiAcial waterfalls at 
irrteivals, each of which causes a sudden drop in tho bed of the canal, which 
is thus again brought below ground level, enabling the same method of grading 
to bo repeated for another length ; and thus the flat slope can he continued 
to any distance, proceeding by a series of stops, ns shown in fig. (2). 

Here, again, we are oiuy copying the natural waterfalls wliioh may be seen 
in hffly country ; but where wo go beyond Nature is in applying to the soft 
alluvial soil of the plains the methods which she only uses in steep and rocky 
gi'ound. 

Another example of an artificial regulating work is n sluice. In tho case 
of on irrigation canal it is obvious that some means of regulating the admission 
o£ water^ into tho canal is necessary, so as to supply water only at such 
times as it is required for the crops. This is done by means of a sluice, 
which in this case consists practically of a masonry dam across ' the 
head of the canal, containing numerous openings, which are fitted with iron or 
wooden shutters, which can be opened or closed by means of suitable 
mechanism. But sluices are also very often • necessary at tho outfalls of 
drainage channels, where they serve a different- purijose. If tho drainage 
channel discharged into a river whoso level never varied, and which was not 
liable to flood, a sluice might not bo required. If, however, tho river was 
liable to floods, then in flood time the level of tho river might rise above the 
level of the country to be drained, and then the channel, instead of draining 
the flood water off tho country, would actually bring tho river water on to the 
land, and increase the flooding. Besides, when rivers are in flood their waters 
are usually _ heavily charged -with silt, wliich would enter the channel and, 
being deposited there, reduce its section, and cause heavy .expenditure in 
clearing it out again. When this is liable to occur it is necessary to provide a 
sluice or regulator, which would be’ closed so as to prevent water from the river 
entering the drainage channel in times of flood, and would be opened when the 
river fell again, so as to allow the flood water to flow from the channel into the 
river, and thus permit drainage to go on. The provision of a sluice is more than 
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ever necessary wten the drainage channel discharges into a tidal river heavily 
laden with silt, like the Hooghly. Drainage can only occur during low tide, 
and if the mouth of the channel is left open when the tide rises, the muddy 
water from the river enters the channel, which is thus filled and emptied twice 
every day, and much of the silt from the river is deposited in it. In course of 
time the channel becomes reduced in size, and may at length disappear com- 
• pletely, leaving no outlet for the rain-water which falls on the land. A very 
good example of this may be seen now in the tract of country lying around 
and near Magra Hht in the 24-Pargana8, about 35 miles south of Calcutta. 
Formerly much of this country was drained by natural channels into the 
Diaihond Harbour Greek, but unfortunately when Nature made these channels 
she neglected to provide them with sluices at their mouths, with the result that 
all the channels have silted up so much from the mud brought in from the 
Hooghly with every tide, that tlie rain-water which falls on the low-lying land 
has no outlet whatever, and remains on the land until it evaporates. In the 
3’'ear 1901 many thousands of acres of rice perished from this cause, and 
the loss to the cultivators and zamindars was estimated at over 80 lakhs of 
rupees. Another use to which sluices can he put is shown in some of the 
large drainage- works near Howrah. Irrigation is carried on at certain times of 
the year, and the sluices are used either to let out rain-water from the 
fields, or to admit water from the Hooghly to the fields; they serve, in fact, 
to regulate the depth of the water on the fields according to tne requirements 
of the crops, in addition to the purposes of excluding silt from the channels 
and passing out drainage water. 

I have used the teim “regulator,” and we have seen that sluices are 
used for the purpose of regulating water, and thus in the general sense of 
the word serve as regulators ; but the word “ regulator ” is commonly used to 
denote a particular kind of masonry work, somewhat different from a sluice. 
A sluice, as we have seen, consists in principle of a masonry dam pierced 
with openings, through which the water flows, while the top of the dam is 
carried up to a level so high that the water does not flow over the tcp of it. 
A weir, on the contrary, consists in principle of a low wall across the stream, 
which flows entirely over the top of the wall, as in a waterfall. The term 
“ regulator ” is usually applied to a device of the latter description, and it is 
employed to i*egulate the level of the water in a flowing stream. It generally 
consists of masonry piers fitted with grooves, in which are placed, edge on 
edge, a number of boards, usually some 6 or 9 inches deep, so that hy putting 
more hoards in the grooves the level of the stream is raised, and by removing 
boards it can be lowered. A weii’, or regulator, of this description is always 
made on the crests of the falls described above, so that the water in the upper 
reach can be kept at any desired level. The main broad distinction between 
the sluice and the weir is, then, that the water flows through or under the 
sluice, and over the weir. 

I said just now that Nature had neglected to provide the 

natural drainage channels with sluices. From a broad point of view, however, 
it can hardly be called “unfortunate,” because the silting-up of these channels 
forms a part of the process by which the plains of Bengal have been brought 
into existence. And before proceeding with the details of my subject, I propose 
to refer briefly to the methods of action of these natural forces, a knowledge of 
which will go a long way towards helping you to that clear comprehension of 
the conditions surrounding the problems confronting you, which iff so necessary 
a preliminary to their successful solution in practice. 

The plains of Bengal are formed of an alluvial deposit, which has been 
brought down, in the course of ages, from the great mountain ranges on the 
north of India, hy means of a never-ceasing cycle of operations, which is doubt- 
less familiar to you. First we have the evaporation of water from the surface 
of tho ocean, hy the heat of the sun ; next, the wind, carrying the moisture-laden 
air over the land; then the condensation of the vapour by the mountain ranges, 
causing heavy falls of rain. The water thus precipitated on the mountains finds 
its way into the valleys, on its course hack again towards the sea, and as it goes 
it not only washes down with it a great deal of the surface-soil, but wears away, 
slowly but surely, the rooky substance of the mountains themselves, and cuts 
out for -itself channels, gorges, and river beds. One of the most striking 
‘ ' b2 
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examples in the world of the enormous power of erosion which water possesses 
• is to bo seen in the gorge of Niagara in North America, and the same force is 
constantly at work, in a lessei’ degree, in every mountain rivulet, stream, and 
toiTent, . which helps to swell the volume of the great rivers which issue from 
the Himalayas, and traverse the plains of Bongol. Thus' "^these great volumes 
of water, on their way to the sea, are laden with the silt and detritus taken 
from the mountains; but while the water, after joining the ocean, is again 
evaporated and condensed in the form of rain, the silt is left behind in the 
river-beds, on the surface of the country, or on the ocean floor, and thus forms 
the material of which the plains are built up. 

Let us now examine the action of this silting process a little more closely. 
The silt cairicd by rivers is of two kinds, the heavier kind consisting of 
particles of saud, and the lighter kind of soft oartliy matter. When a nver 
is in flood, the lioavy samly silt is rolled along the bed, while the soft 
silt is held in suspension in the water. The heavior.particles thus remain in 
the river-bed, and, accumulating there, gradually raise it, until the banks can 
no longer contain the floods, which thou sweep over the country. If a 
breach terms in the bank, so that a deep channel is formed, loading away 
from the river, then tlio heavy sand may be swept through it on to the 
flelds, destroying their foriiliiy ; but when only the top of the flood passes 
over the bank, without breaching it, tne water spreads over the countiy without 
violence, canying with it only the soft silt in suspension, which, as the 
water subsides, is left on tho countrj', and fems a richly foriile deposit. 
Thus, in time, tho level of the whole countiy near tho river becomes raised. 
When tho bod of tho river itself is raised to a certain extent, there is a tend- 
enc}' for breaches to form, and for tho river to take a now course altogether, 
or to form branches, which iu their turn take part in tho process of fertilising 
and raising a fresh tract of country. When tho course of a river changes before 
it has completed its work of raising the country near it, we see low-lying tracts 
of laud loft unraised ; and if tho new course of the river is at a oonsidorable 
distance from its old course, these tracts oi’c again left out from tho action of 
the new river and become permanently low-lying swamps; while the abandoned 
beds of the old rivers remain in tho form of deopy/<ec?«. A good example of this 
.action is to bo found in tho many swamps and surrounding Jessore, on 
the Bhairnb river. 'J’liis, once a broad and rapid stream, is now almost stagnant, 
the bulk of the water having found its way into now channels olsowbero, leav- 
ing incumplote its work of raising the country; and leaving also a difficult 
problem to bo solved by the Engineer, The drainage of these tracts sometimes 
presents great difficulties. During the flood season, the level iu tho rivers is 
often higher than in ihoj’/ieeh, which thus become filled up with water. When 
the floods subside, the water is caught, ns it were, in a trap, and a channel 
has to bo dug to lead it bacli again into tho river. Even then, tlio level in the 
y/jcci may bo so low, compaied with that in the river, that careful levelling 
operations may bo necessary before it can be pronounced whether drainage 
is feasible at all; while, oven if feasible, the very small diflerence ot level may 
render it necessary to design the channel so large that the cost of construction 
may bo prohibitively high. ^ j 

So fur wo have been following tho action of alluvial deposit in inland tracts. 
Let us now examine tlie conditions near tho const. We liavo seen that much of 
the sand and silt brought dotvn by the river has been expended on the 
work of raisrng the inland tracts ; but the amount thus loft behind is only a small 
proportion of the whole volume, tho bulk of whiob is oanied along into 
the Bay of Bengal,' and deposited on the floor of the sea, Fi'om the 
mouths of tho rivers which traverse tho Gangetic Dslta there extends an 
enormous heap of sand and mud thus brought down, anl “shoy as on 
to a nibbish heap, into tho head of the Bay. For how many miles from 
the shore this heap extends, or to what height it is piled up on tlio flooi 
of the Bay, I have not the information to enable rao to tell you; but 
there is no doubt that it exists, and that it is every year extending 
further southwards and increasing in bulk by millions of tons._ The 
, Hooghly alone carries into tho sea 39 million cubic yards of mud in one 
'season, a quantity which, if piled up to a ' height of 30 feet, would cover 
a square mile of area, This gradual accumulation on tho floor of the Bay 
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takes place out of sight, and out of roach of all observation except tho 
souuding-Huo of the deep-sea investigator. At^ the top of the heap, where it . 
approaches tho surface, its growth comes within the observation of the Marino 
Surveyor, on the alert to wain ships of any extension, or change in position, 
of tho shoals at the mouth of tho river; while still closer inshore there is a 
powerful silting action daily at work within sight, resulting in tho gradual 
extension of the land sea-wards. 

"We may now briefly trace tho manner in which tliis process takes 
place. You are probably aware that the power of water to retain silt in 
suspension varies according to its velocity. In still water silt is completely 
deposited, leaving the water clear, and the higher the velocity tho greater is 
the quantity of silt tho water can retain. Consequently when a stream of 
silt-bearing -water has its velocity retarded or checked, silt is at once deposited. 
No^v tho water m these tidal estuaries is heavily charged with soft silt, hold 
in suspension, and cai ried up and down with oveiy obb and flow of the tide. 

If deposited at slack w’ater, it is moved again when tho tidal currents set in 
afresh. It is always present in the water, and ready to settle at any place whore 
the current is slack enough to allow it to remain undisturbed. Consider now 
the case of a small rivor discharging into this silt-ladon estuary. During the 
dry season, from, say, November to June every ycai*, there is practically no 
■ft'oter coming down from tho watershed, and the only current is duo to the 
tides, which fill up the channel at every flood, allowing it to empty itself 
again on the ebb. The river-hed, from its mouth up to the limit of tidal 
action, forms a voservoir of considerable size, and a largo quantity of water 
runs in and out of it at ovoiy tide. Thus at the mouth there must bo a fairly 
rapid current, owing to the passage to and fro of this large volume of water 
in 13 or 13 hours. As, liow’over, wo proceed up the river, the size of the 
reservoir beyond us becomes smallei*, and the current becomes less and less, 
owing to tho smaller voluuio of water required to fill tho smaller reservoir. 
At a certain point, tho velocity will become smoll enough to allow tho silt to 
remain undisturbed, and it is here that silting tends to begin. As it progresses, 
tho contents of tho whole reservoir become smaller, and tho silting becomes 
more rapid and extends towards tho mouth, until in time tho whole river 
would silt up ; unless tho volume of flood-water descending dm-ing tho rains 
were suflloient to scour out tho bed to its original cajjacity again. The 
example I have already quoted, of tho Diamond Harbour Creek, is a ca'so 
whore tlie channels have not been scoured, and have silted up very rapidly. 

Tho same silting action occurs in a very marked degi-ee in tho short 
approach-channels below locks, and the ontfnll-cliunnols of sluices," and in' fact 
in any short channel with a “dead-end,” whore there is no roscrvoir-action, and 
consequently not enough velocity to keep tho .silt from depositing. 

Anotlior cause of rapid siltinsr is the practice of ombanlcing rivers, to 
prevcnfr.the tidal waters from spilling over the land, -n'hicli is thus protected 
from the cCEect of salt water, and reclaimed. This spill over tho banks 
increases tho rcservoir-liko capacity of the rivor, and when it is stopped the 
volume of water entering and leaving with every tide is diminished, tho current 
is slackened, and silting induced. 

Those causes form a part of the continual process by which tho coast-line 
has been gradually pushed forward into tho shallow water at tho mouth of the 
estuary, and the land extended to its present position. It will be seen that, 
once formed, very little further raising of tho land near tho coast can occur, 
and consequently these tracts, for some way inland, are almost at a dond 
level, and the difficulties of drainage arc much iucronsed. In some places tlic 
land is actually below the level of high spring tides, and tho coast lias to be 
embanked to exclude the tidal water, ana prevent tlio fertility of tho land from 
being destroyed by salt water, h'nrther, high ombnnkniGTits are in many 
places necessary to protect the land from tho destructive cffocts of tho storiu- 
waves caused by cyclones, 

"VVe have, then, to deal with a tract of country at practically a dead-level 
and with no surfaco-fall, much of it situulcd below tho level of high water, 
surrounded by high embankments, with silted-up exit-channels, and liable 
occasionally to oxtraoidinarily heavy falls of rain, tho floods from which have 
to be led away tlirough sluices wliicli, owing to Iho high range of tho tides, can 
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only discliarge during a limited number of hours in the .day. To add to the 
, difficulties the sluices have to be constructed at the very mouths of the channels, 
owing to the liability of the exit-channels to silt up, and in these sites the soil is 
so treacherous and full of springs that'the masonry works are liable to be washed 
completely awaj^. The situation is completed by the necessity for rigid 
economy in designing the works, owing to the poverty or want of foresight 
of the persons for whose_ benefit they are intended, and the consequent' 
difficulty of raising sufficient funds for their construction. It is difficult to 
imagine a set of conditions throwing greater impediments in the way of the 
drainage Engineer. That they are not insuperable is proved by the success 
(greater or less) of the works that have already been constructed'; but I think 
I have made it clear that great nicety of skill in derign is necessary to enable 
us to obtain the maximum of efficiency combined with the minimum of cost. 

In order to attain this object it is necessary to be able to calculate, with a 
sufficient degree of accuracy, what quantity of water your channels, sluices, and 
weirs will be able to discharge in a given time, under the conditions which 
you will meet with in practice. From your text-books and lectm-es on the '* 
subject of Hydraulics you we provided with a quantity of formal®, easy to 
understand and to use, giving you the discharges you require. You might 
think that you have only to put your data into them, and that the rest is a mere 
matter of arithmetic. It is of course quite necessary first of all to acquire a 
thorough knowledge of the formul® of the text-books, and of the methods by 
which they are derived from first principles, and I shall ' assume that you 
abeady possess this knowledge. These formul®, however, are only applicable 
under certain well-defined conditions, and one of the first things that occurs to 
the young Engineer who uses his brains as he ought to, on attempting to put 
these results into practice, is that very often these conditions are conspicuous 
by their absence, or that they are complicated by other conditions for which 
no allowance is made in the simple formul®. Under these circumstances, he 
is driven to an attempt to reconcile the actual conditions with those of his books 
by assumptions, which may or may not be justified, and which end in “rule-of- 
thumb” results where there ought to be accurate calculations. As an example, 

I have seen a case where a sluice had to be designed to discharge into tidal 
waters at a given rate. The designer, had calculated the requisite size by 
saying “ assuming the sluice to discharge under a head of one foot, the velocity 
will be so much, and the required ventage area so much.” Now it is ^ite 
safe to say that the sluice would not discharge under a head of one foot. Part 
of the time it would not discharge at all, and part of the time the head would 
very largely exceed one foot. Besults of this sort cannot be looked on as 
better than mere rule-of-thumb. 

The main object of these lectures is to endeavour to remove a few of these 
difficulties from the path of the young designer, and to attempt to' show how, 
in some cases, the results you have learnt from your text-books may be’applied 
to jiractical design, under conditions not allowed for in your theory ; or how, in 
other cases, the foimul® must be modified, or re-constmcted, to '.allow for. the - 
conditions confronting you in practice. The subject is one which lends itself 
only too readily to undesirable complications, and I shall endeavour to reduce 
these complications to as simple a shape as possible, consistently with a sufficient 
degree of accuracy in the results. 

I will first mention briefly some of the conditions which give rise to 
complications, and indicate generafiy the means by which I have attempted 
to arrive at the results, and to express them in a form which will enable you to 
make practical use of them. 

One veiy common cause of complication is the existence of a velocity of 
approach. This will be familiar to you, as it is dealt with in the text-books, 
and you are given formul® to allow for it. You will see, however, that it 
is allowed for by introducing into the formula an unknown quantity called 
the “head due to velocity of approach,” and you have to assume successive 
values for this quantity, and work out your result by trying one value after 
another until you find one to suit. Now this is a very laborious process, and 
I think you will admit that it would be a great advantage to get rid of 
this troublesome unknown quantity altogether, as we do not want it, except 
as a means to an end. The way in which I have done this will be described 
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in detail presently. Generally speaking, it consists in expressing the velocity 
of approach in terms of the area of the channel of approach. To explain 
. this a little more fully ; you know that when water is flowing ‘over a weir 
there is a marked “ drop ” of level immediately above the weir. I only men- 
tion this in order to point out that this is not the “ head due to velocity of 
approach’’ which I am now speaking of, and that this “drop” can be eli- 
minated in practice by measuring the “head” at some little distance back 
from the weir. It usually, however, occurs in practice that the water is led 
up to a sluice or weir along a well-defined and comparatively narrow channel, 
in which the water flows with a certain definite velocity. It is this velocity 
which constitutes the velocity of approach we are concerned with. If now we 
use q to represent the discharge passing through the sluice, and A to denote 
the area of cross-section of the stream as it approaches the sluice, then the 

mean velocity of the stream will bo and if this quantity be substituted 

for the “velocity of approach” in tho ordinary formula, the troublesome 
unknown quantity I have referred to can bo eliminated. To save you as much 
labom' as possible in making calculations, I have constructed a table giving 
you the results in every possible case. You have only to calculate what the 
discharge would be if no velocity of approach existed and then multiply this 
by the factor given in the table. There is no new principle involved in this. 
It is merely a labour-saving device which will be found very useful in practice. 

A question which may give rise to extreme complications, against which 
it is as well to guard, is tho determination of the “time of discharge.” That 
is, supposing a certain area is covered to a considerable depth with water, which 
is being drained out through a sluice or over a weir, and it is desired to know 
how long it will take for tho level to fall a certain amount, owing to the dis- 
charge. Tho difficulty in this case arises from the fact that, as the level falls, 
the “head” over the sluice or weir alters, find thus the rate of discharge is 
constantly changing. The result has to be deduced from the formula which ex- 
presses the rate of msoliarge at any given moment, by the mathematical process 
of integrating tho reciprocal of the formula. Now in some cases this can be easily 
done, and you are of com’se familiar with tho well-known calculation of the time 
of emptying for filling) a lock. But draiuage may occur under circumstances 
calling for the use of one of the more complicated formula; of discharge, in 
which case tho solution by the rigid mathematical method is extremely com- 
plicated or even impracticable. I have got round this difficulty by devising an 
empirical formula which gives the discharge in the most complicated case, with 
an eiTor of less than 2 per cent, from the accurate formula, and by using which 
the time of discharge can bo obtained quite easily. But when we come to tidal 
outfalls, that is, when tho sluice or weir discharges from a basin of small area 
into tidal waters, tho level of which rises or falls independently of the fall of 
level in the drained area, the matter becomes much more complicated. The 
result I shall give you applies only to one, and that the most simple, of the 
discharge formulm. The result is complicated, but it is not easy to see how it 
can be simplified further, and I have worked out tables to lessen tho labour of 
reducing the result to arithmetic, applicable to every possible case. This case 
is only applicable to basins of small extent, such as locks or dock basins, where 
tho rate of fall of the basins is considerable compared with the rate of riso and 
fall of the tide. Fortunately, in the case of most of our large drainage sluices, 
the rate of fall of level in tho drained area is so slow, compared with the rate 
of rise and fall of the tide, that the former rate can be neglected altogether and 
the case treated as if tho upper surface were stationary. This simplifies matters 
extremely, and it will be found that most practical coses will be covered by the 
simple expressions I shall give you showing tho true moan discharge of a sluice 
or weir, during the time mat it is being gradually “ drowned” by the rising 
tide, expressed in terms of the initial discharge. 

Tho next cause of complication which I will mention is one of very 
common occurrence in practice, and I do not think you will find the solution 
of it in any of the text-books. It is also a very important matter, because it 
concerns the discharge of water along open channels, both large and small, and 
has a very considerable effect on tho result. The ordinary formula of discharge 
for an open channel is based on the supposition that the surface of the water is 
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poiallcl to the bed of the chanuelj hut we often find in practice that the surface 
IS by no means parallel with the bed, and we are not provided with any accu- 
rate means of calculating the discharge. It is usual to use the ordinary formula;, 
and reject the bed-slope of the canal in favour of the surface slope ; but this 
is not an exact method. A similar case occurs when the level of a canal is 
artificially raised by means of a regulator or weir, so that the depth just above 
the weir is greater than the depth some distance up-stream, and we wish to 
know what the depth will be at a given distance above the weir. To solve these 
cases we have to go back to first jirinciples, and form tlie original equations of 
fluid motion based on the principles of the conservation of energy. These 
equations do not, I think, form part of your course, but they are of great 
interest to the student of higher mathematics, and a thorough understanding of 
them is necessary to the solution of many difficult problems -in Hydraulic 
Engineering. The diflerentiul equation thus obtained is the equation of the 
curve which the surface of water assumes when it flows with “steady” motion 
in a uniformly graded channel, the surface not being parallel with the bed ; 
and the integration of this equation supplies us with a knowledge of the 
difference in depth between any two places at a given distance apart. From 
the nature of the case it is not to be expected that the result can be a simple 
one, but I have, as before, reduced as much as possible the labour of calculation 
by working out tables covering everj' case likely to arise. 

A comiilicated case of sluice-discharge occurs when the sluice is consti'ucted 
with a breast-wall in front of the vents. As all onr large drainage sluices are 
built in this way, I propose to go into this case in considerable detail. The 
exact calculation of the discharge is rather complicated, but fortmiately it is 
possible to arrive at results which in most cases will give a sufficient degree of 
accuracy by rather more simple methods, which I shall point out to you. 
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II.-FORMDLiE OF DISCHARGE FOR SLUICES AND WEIRS. 

1 havo now sketched the general nature of the conditions which confront 
the designer of large drainage works, and some of the causes which give rise 
to complications in, rind variations from, tlio original formula} of the text-books. 
I will next endeavour to show you in detail how these problems may bo 
solved : and I will take first those relating to tho capacity of sluices and weirs 
discharging under varying “heads.” Wo start, of course, with tho original 
formulas, giving the discharge at any given instant, which yon will find in 
the text-hooks. They aro_, as yon know, all derived by simple mathematical 
deduction from the relation, first formulated by Toricolli, and Imown as 
tho “theoretical velocity of discharge.” This relation expresses the fact 
that, when water issues fi-om a vessel througli an orifice at a given depth 
below tho free surface of tho water, the velocity with which h issues is equal 
to that which would bo acquired by a heavy particle in falling through the 
height h. Expressed in the notation wo are now using, tho relation is written 
thus 

And in praclice, as you know, it is necessary to introduce a cocfiicionfc 
to allow for Iho^ small defect of the actual velocity from its theoretical 
value, owing to frictional and other resistances, so that tho actual velocity is 

a = c 

c being some proper fraction. 

Thus we arrive at tho expression for tho discharge through an orifice 
of area a under a iinifoi'm hood A, so tliat every part of tho stream issues from 
the orifice with the velocity “ duo ” to tho head L The discharge is 

q = av — c a\^ 

The discharge over a weir (or notch, as it is called, ) of breadth b is arrived 
at by estimating tho sum of tho discharges of each olomontary strip of tho 
overflow, at a depth x below tho free surfaco, and of heig ht </.r. Tho area of 
tho strip (fig. 3) is and tho velocity of flow is so that tho discharge 

of the diEercntial strip is 

dq=.c^2rfx X" bdx 

and the discharge over tho whole height h is arrived at by integrating this 
expression between the limits 0 and A, thus, — 

, j 

I x~ dx 
, ' •' 0 

Tho result is 

<7=1 c y/^b h 

I am afraid that in going into these olomontary details I am rather 
trenching on the province of your regular lecturer on IlydrauHcs, but it is 
necessary to dwell somewhat on these original foimulre, in order to familiarize 
you with the notation used, an'd to draw your attention to certain points 
about them. Tliero are in all five oripnal formulte, expressing the discharges 
of sluices and weirs, and tho conditions to which each is apjflioable will 
bo explained by tho diagrams I shall show you. As regards notation, in 
every case I havo used the letter b to denote tho mdth of the opening ; D the 
total depth of tho cross-section of flow ; d tho depth of the “free” portion of 
the discharge, 2 . 0 ., tho part abovo the level of tho surface of tho tail-water: • 
and A for the greatest “bead” of disohargo. First of all, I want particularly 
to point out that the five formula: may be divided, broadljr, into two classes, 
w'g., tho “sluice” class and the “woiv” class, of- which tho two simple 
oxpressionsT have just mentioned are tho typical formulae. The distinction 

0 
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between the two is that in the “sluice” class the cross sectional area of the 

whole discharge, t>tk, i/?, is constant, whereas in the “weir” class the area of 
flow varies with the ” head,” 

The following aro the formula: : — 

(i) Gomplctcly sulmorgcd sluice 4). 

We havo just seen that the discharge in this case is 

... 

This is the typical “ sluice ” formula. 

(«) Frcclg-discharging sluice {fig. 5). 

In deriving this formula from the Torricellian relation, the discharge 
18 treated as the difference of two woir discharges, via., the discharge ovir 
a weir with head /i, less that with head {h—D). The formula is ° 

i=le^2gl{h^-{h-Df\ ... ... ... /gj 


have ]ust given you. 1 will show you that this definition is rightly applicable 
to this case, ns follows : — o ^ i r 

Suppose, instead of measuring the head h to tho lotlom of the vent, we 
measure it to tho ccnire of tho vent ; then, writing // for this head, and writing 

d’ instead of ^ ^or ^ wo have 

h — and {h — /))=:/<' — d‘\ and tho formula becomes 

q = I eVTg h {{W + di - {F - df } 

Now, if wo expand tho two binomials in tho largo bracket, and subtract 
(I will leave you i.o verify tho result for yourselves) tho formtila becomes 

® “ 0“ 24 F “128 ^ ~ ) ^ 

Writing this in tho form 

• q-F.Cy/2gb{2d')7r ... ’ ... ... ( 3 ) 

you will sec that this really corresponds with tho typical “sluice” formula, 
with a factor F introduced, and you will soo also that this factor is in most 
cases very nearly equal to imity. The value of F may also bo written in .the 
form 

* J# ••• ••• 1^7 


if 

a form, which is more suitable for calculating the arithmetical values than 
that given above. You will see that F is most nearly equal to unity when tho 
depth of tho vent 2) is very small compared with tho head ; and it is leasi 

equal to unity when is as large ns possible, i,c,, when it is equal to unity, 

an.d tho case becomes one of simple discharge over a weir. I have drawn up 
this Table I showing tho values of this factor F for different values of the ratio 

from which you will see how close the approximation is. 

Tablv ]. 



•7 -8 


•S89 -931 *977 •969 flSS ■9i3 
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For practical purposes, .»if- great accuracy is not essential, it is usual to em- 
ploy tlie form 

qi=c^2(,hDir ... ... ... ... ( 5 ) 

as giving sufficiently close approximation to the true result. 

(m)' Farliallt/ stibmerged sluice (fig. 6). 

When the surface of the tail-water, below the sluice, is above tho level 
of the floor of the vent, the discharge takes tlio form of the mm of the two 
preceding cases. That portion of the vent below the level of the tail-water 
discharges as a submerged sluice, while tile portion above tho tail-water is in 
the condition of a’ freely-discharging sluice. 

Tho formula is written as follows : — 

q^c^Tgh\^-{l^ -{7i-^^}+{D-d)h^2 

This, as will bo seen presently, is the “ general ” form of all the other 
formulae. 

We now, come to tho “ weir ” cases, of which there are two, and first we 
have the typical weir formula, vh . — 

(«b) Ffcelg discharging weir {fig. 7). 

q-\c^Tgh1i ... ... (7) 


{v) Droiuned weir {fig. 8). 

When the surface of the tail-water is at a higher level than the rest of the 
weir, tho discharge becomes what is called “ drowmod,” and tho formula is a 
composite one, tho upper part discharging as in a “froo” woir, while the 
“ drowned ” portion discharges as a submerged sluice. Tlio formula is 


q as C\/2g ^ “i" (-^ — ^ | *'• 

... (8) 

This may also he written in tho forms 


q - (l-^ I) b Dl} ... 

... (9) 

and q = (l- (g)” } | c^g h F* 

... (10) 


This completes tho five original formulae. The next thing I wish to 
draw your attention to is that tho complex expression for a partially-submerged 
sluice may be considered as tho “general” formula, .and all tho other foiu* may 

be derived from it, by attributing suitablo values to the ratios ^ and 

it 

Looking at the formula for a paifially-submorged sluice, you will see that 
it may bo written in the form 


j = F ^ -0*' - - - (11) 

Where F is a factor whoso value is 



I leave you to verify this for yourselves. From the figures it is clear 
/7 /7 

‘that the ratios - and -= must, in every possible case, lio somewhere between the 
It D 

values 0 and 1. I have calculated the value, of F for eleven different values 
of each of these ratios, and tho result \vill bo found in the annexed Table II. 
For any values inlermodiato between those given, proportional paiis may be 
used, BO that the value of F can bo found in evoiy possiblo coso. Tho valuc.s of 
tho ratios suitablo to each case are as follows : — 

(t) Buhner ged sluice , — In this case there is no “free” portion of. tho 

discharge, and consequently ^ == 0 5 ~ Table it is seen 

that F sss 1. 

c2 
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(ti) FmJy-discJiarging sluice. — Here tlie discharge is all “free/’ so that 

is always = 1, while ~ ^i.e., may have any value between 0 and 1. 

The coiTeqionding values of, F are given in the last column on the rieht 
of the Table. 

(z*h) Partially submeryed sluiee.'— To this case Iho whole ‘of the Table is 
applicable. 

(iv) Freely-discharging weir. — Here the discharge is all “free,” and the 
head h is equal to the depth of discharge D; that is, = 1 and =1. 

tl * XJ 


It is seen from the table that in tliis case i* = |. 

3 ^ 

There is, however, no advantage in using the “general” fonnula(ll) 

here, because, D being equal to //, and F being, as wo have sodn, g, the 

formula becomes identical with the original fomula (7). 

(i>) Drowned weir. — Since the depth of “ free ” discharge is equal to the 

head, wo have here ^ = 1 ; while ^ is equivalent to ~ and may have any 

value from 0 to 1. The corresponding values of F will be found in the 
bottom lino of Table II. 

If wo look at the alternative forms of the formula in this case, viz., (9) 
and (10), wo shall see that (9J is identical with the formula wo are now 

considering, bocauso tho factor which the 

expression (12) takes when ^ remaining form (10) is of the “weir” 


form, instead of tho “sluice” form and may bo written j | i i)* . 

It may bo instructive to see ndiat values tho faotor/nssumos for various values 

of the lutio They are shown in Table III, and wo learn from this that the 

discharge over a woir is only very slightly reduced by “drowning” up to 
about half tho depth of discharge. 

These formula}, and the tables I have given you, will enable j*ou to easily 
calculate tho rate of discharge in any given case when the head romains 
constant. But ivhcn’ wo como to draw mathematical deductions from the 
original formulas (as for instance in computing tho time of discharge), tho 
simple expression (11) cannot always boused, on account of tho variation in 
the factor F. Tho general formula (for the partially submerged sluice) is so 
complicated that no practical result can bo obtained from it, and we are obliged 
to search about for some empirical fonnula which, while giving I'osults closely 
agreeing with those given by the exact formula, will also afford us the 
necessary simplicity of form. I have already pointed out to you ono 
approximoto formula, which applies to tho case of a freely-discharging sluice, 
and is obtained by measuring the “head” to tho centre of the vont. 
Expressed in uur general notation the formula is 

q=ic.y2g bD ••• ... (13) 

This is quite accurate enough for our purpose in many cases, though it is 
rather too wide of tho ti'uth when d' oxcecas half the heaa h\ that is, when tho 
head, measured to tho centre of the vent, is equal to or less than tho depth of 
the vent. It has, fmthor, the fatal defect of being inapplicable to tho case of 
a partially-submerged sluice. I shall now give you an empirical formula which 
is very close to the truth in all cases, and which is applicable to ull conditions 
of discharge. The formula is 

... ... ( 14 ) , 

and it can be expressed in tho form 
j=F. c.^'Wg bD}^ 


tk* 


• • 


(15) 



( 13 ) 


Tvhero i^hos tbo value 

„ 5 d d\^ 

— ••• ••• (13) 

In order to comparo- this formula with the accurate one (11) I have 

calculated the' value of J'ia (10) for various values of the ratios ^ and y and 

tho results ore given in Table' IV. Now, by comparing Table IV with 
Table II we can see what are the limits of error of tho approximate 
formula (16) in ovory possible case. The maximum discrepancy wifi, I think, 

be fouird in tho case when ^=1 and ^=*0. The error is, even then, only S per 

cent, of the truth, and this occurs in a “ weir ” case, when tho approximate 
formula w’ould not, as a rule, bo employed. For tho “sluice” cases I think 
the error will hardly over exceed 1 per cent., and in most cases will bo far less 
than that. 

Table II. 

Tho figures in tho body of the table are values of F, where 


d 

^ hf 

Oil to 

1 

Ssstfij 

D 

d 



"h 



d/D- 



ct/h—0 I'ooo 

•1 l-OOO 

■2 1-000 

•3 1-000 



Table III. 

Tho figures in tho body of tho table are values of /, where 

( 5 )^ 



•2 

•3 1 

•t 

-020 

•739 

i 

•E 22 



Table IV. 

Tho figures in the body of tho table are values of F, where 
rt /, 5 d d\4 


f= 6 - --r 

^ V ODh) 
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So far the formolse have been quoted in terms of h, the head of discharo'e, 
and this is the simplest and most generally useful form. The “head" 
is, however, the difference of imo^ quantities, viz., the respective heights of the 
head-water and tail-water, and it will sometimes, when dealing with tidal out- 
falls, he found convenient to express the discharge in terms of the height of the 
head-water only, the effect of the variation of “head” on the discharge being 
allowed for by a variable factor, calculated for a]l possible values and tabulated 
for reference. Using x (see fig. 6) to represent the height of the head-water 
surface above the floor of the sluice, or crest of the weir, and y the height of 
the fail-water above the same datum, the most general case of discharge is given 
by the formula 

q = Fc 1 D ^ 
where the factor F has the value 

3 ^ ‘ 

The values of i’ for every possible value of the ratios | and - are shown in 
Table 7 below:— 



Table V. 


yeie.— caonot exceed If i/ is actaally greater than D, then the qnantity (y— D) must be subtracted from 
the actuftl values of both as and p before reference fo tho table* 
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III(a).-TIJIE OF DISCHARGE, WITH OUTFALL AT CONSTANT LEVEL 


The results -wo have just obtained place us in a position to take up the 
subject of tho Time of Discharge, into an outfall of unvarying level. When 
water is being discharged tlu-ough a sluice or weir from a basin of a given 
extent into an outfall of unlimited area, the surface of tho outfall will not be 
aSected by the quantity of water thrown into it, while the surface of the basin 
will bo lowered owing to the amount of water drawn ofi from it. The rate of 
lowering of the surface will depend on tho area of the basin and the discharge 
of tho sluice or weir. In fig. (9), let A be the area of the basin ; A tho elevation 
of the basin surface above tho outfall surface after time t\ q tho rate of 
dischavgo of tho sluice or weir j T the time taken by the basin surface in falling 
from tho height Zt# to the height A, ; t the time taken in falling from to A. 

Then the rate at which tho surface is falling, after time #, is — the quantity 

discharged bj^ the sluice in tho time dl Wqdt\ and the quantity drawn off from 
the basin, owing to tho lowering of surface dk, is A dh. We thus have the 
differential equation 

, q dt=-^A dJi 

which can be written 


dt=^^A— 

S 


(18) 


and the time T is obtained by integrating this equation between the limits 0 
and T on the left side and K and A^, on tho right side, the value of y in terms 
of A being given by one of the five original formula, whichever is applicable. 
If now we substitute' for q its value in the general fonnula (6) we have an 
expression which is, to say tho least, extremely difficult to deal with, and whose 
result, if obtainable, would bo very complicated. You will now appreciate 
better tho utility of tho approximate formula (14). 

We will how consider oach case in detail. 

Tho simplest case is the first one, that of a submerged sluice. Hero, sub- 
stituting the value of q from equation (1) in equation (18), the differential 
eqviation is 

^ 


and tho integration, between limits, is 

^ bD (!'° **• 

It is often convenient, in solving questions of this nature, to determine the 
true mean rate of discharge throughout the time. If q„ denotes the true mean 
discharge, then q„ is equal to the total quantity discharged divided by the total 
time ; that is 

. ,.= ^ ( 20 ) 

That is, tho true mean discharge in this case is tho arithmetic mean of the 
initial and final discharges, , ^ 

Another convenient way of expressing the result is to determine the ratio 
of tho true mean discharge q„ to tho initial discharge q„ which is seen to be 


Sk - 1 Z 1 J. 
qo~2V^ ji ) 


( 21 ) 


‘Wo now have \ Oj, tho values of the factor ^ for various values of 


the ratio y being given in the following Table VI, 




22Ls= . 50000 -03311 

ffo 


•773S0 -81623 -S53SS -83730 -81833 -81722 -97434 1 00000 


The exact fonnulae^ in the cases of the freely-discharging sluice and the 
partially-submerged sluice are too complicated for practical use in 'this connec- 
tion, and we must have recourse to the approximate formula (14); that is, we 

must substitute the variable ^ h — g J ^ for /i, ' the result being cleai-ly as 

follows: — 




The true mean discharge is, as before, the arithmetic mean of the initial 
and final dischai^es ; and tlie ratio of the mean to the initial dischai^e is 


"'M e-is-n. 

Table VI applies to this also if for the index we write 


• |-^a instead of 

6 a he 

g i) 

We might also use the exact foimula (11), giving the result 

but this would only be suitable when the value of F differed very slightly 
for the initial and final discharges. If this condition is fulfilled, Table VI is 
applicable as it stands. 

We next come to the “weu’” cases, and in the simple case of free discharge 
the differential equation is seen to be 

, _ d h 

the integral of which, between limits, is 

T = -^(-A-A) (25) 

In this case the true mean discharge is Hot equal to the arithmetic mean of 
the initial and final discharges. The ratio of the time mean discharge to the 
initial discharge is 


qe- Tqe 


The values of this ratio are given in the following Table VII : — 


Tablu VIL 



■056 -208 -323 -424 SIO -604 -687 -763 «47 -224 4-000 
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In the last case, that of a drowned weir, the ajjprojrfniate formula (14) is 
of no use, and the result cannot bo reduced to a simple form. Writing 8 
instead of (i? — <?), the fomula is 

q - \ i + I S # ) ... ... ... (27) 

It may be noted that i? is a variable quantify in this case, but S is a 
constant. The differential equation is 

S7|7S‘ 

The integration, obtained by substituting s® for k, is 

The calculation of results is facilitated by Table VIII which gives the value 

of the factor in brackets for various values of -Ij and 4. 

■Ml -^1 


Table VIII, 

The figures in the body of the Table are values of the factor 




Formula (10), giving a simpler result, might be used in some cases, where 
the variation of f is small, the result being 


T = 


BA / _1 L \ 

0\/!ls b \ n ^ n^‘ f 


The values of / are given in Table III. 


A A 


(29) 


B 
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111(b).— DISCHARGE INTO A TIDAL OUTFALL, WITH HEAD-WATER 
AT A CONSTANT LEVEL. 


Wo have now seen how to compute the time of disohai’ge in all cases where 
the outfall-sm’face remains at a constant level, wliile the surface of the head- 
water faUs, owing to the quantity of water drawn off. Wo npxt come to a set of 
conditions which is of very frequent occurrence in Bengal, and is of great 
importance, because the results will enter into almost every case of drainage 
intq tidal outfalls, and will he continuaUy of use to you in designing such 
schemes. I allude to the cases where the smf ace of the head-water falls at so 
slow a rate, compared with the rise or fall of the outfall surface, that it may be 
taken as practically at a constant level, while the outfall rises and falls with the 
tide. In schemes for the draint^e of large agricultural areas in Bengal, the 
rate at wlrich it is usually considered necessary to lower the surface of the 
drained area is three-quarters of an inch in 24 hours, whereas the rate of rise 
of the tide may he as much ns tlmee feet in one hour, i,e., more than a thou- 
sand times as fast. Under these circumstances it is obviously correct to treat 
the head-level as unvarjring. 

The final results will, for convenience, ho expressed in the form of the 


ratio that is, the ratio of the true mean discharge to the TnaximuTn dis- 

charge ; and the values of the factor will ho given in the tables, so that 

the true mean discharge can he readily found by multiplying q, by this 
factor. 


First of all, it will he heat to consider the manner in which the tide rises. 
Om.’ knowledge of tliis is obtained by observation. When wo wish to ascer- 
tain the tidal data at any particular place, wo have to fix a gauge, ' marked in 
feet and decimals, or feet and inches, in the water at the place, and appoint an 
observer, provided with a good watch or clock, who observes the height at 
which the water stands on the gauge at certain definite intervals — mj every 
quarter of an hour, or half an hour. If now we mark off on paper, to a con- 
venient scale, these time -intervals as abscissae, and the con’esponding heights of 
the gauge as ordinates, wo get a series of points through which wo can draw a 
continuous curve, which is called the “ tidal curve ” Thus, at each point on the 
curve, the ordinate represents the height of the tidal ernface above datum after 
an interval of time represented by the abscissa, it will be found on the 
Hooghly and the other tidal rivers on this coast that the shape of the curve is 
somewhat as shown in the diagram in fig. (10). The front of the curve, *.c., 
during the rise of the tide,^is very nearly a parabola, and so is the portion 
corresponding with the first part of tho ebb. Then the curvature cuanges, 
and the remainder of tho ebb corresponds fairly nearly with an inverted 
parabola, but the curvature is somewhat flatter. The duration of tho ebb is, 
roughly, about twice that of tho flood. 

Now all drainage-sluices in these tidal waters are fitted with flap-shutters 
outside tho vents, opening outwards, so as to allow drainage water to pass from 
the inside into the tideway, but to close automatically as soon as the tide rises 
above the level of the water in the drained area. Thus the sluice will only 
discharge while the tide is below the level of the surface of the water to be 
drained, and all discharge ceases when tho tide rises above that level. 

The diagram in fig. (11) represents a sluice, inside which the water is 
standing at the level AB. CAEBD represents tho tide-curve, E bemg the 
level of high-water. Suppose the tide is rising, and the sluice is opened when 
tide-level stands at CD. Then the discharge wiU continue at a gradually 
decreasing rate until the tide has risen as high as AB, when the flap-shutter wul 
close, and discharge will cease. The sluice will remain closed until the tide 
falls again to AB, when the shutter will again open, and allow the discha^e to 
pass, at a gradually increasing rate, until the tide has again fallen to CL)|. 
which level we have supposed the sluice to be closed. Now the during 
which the sluice remains open is represented on tho tide curve W the 
C M and N D, but the discharge of the sluice during this time (C M + N DJ 
wul not be that due to the ■“ head ’’ A M, but something less. Calling the 
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« 

discharge due to the head A M = the mean discharge throughout the time 
(0 M + N D) -will be — 


f«i 


= (?)«• 


aud it is the determination of this factor ( with which we are now about to 
deal. ^ 

You will observe that, in the curve C A E B D, the portions O A and-B D 
are very nearly straight lines, indicating that the tide, during, the time con- 
cerned, rises and falls at a very nearly unifcim rate. When, however, 
high-water is at or below the level of the water which is being drained, the tide- 
cm’ve would be somewhat as shown by the dotted line F .G H, and its parabolic 
form would have to be taken into account. 

Now it is possible that this parabolic form may introduce unpleasant 
complications into our equations, and the idea suggests itself of “fairing”, the 
tide-curve j tliat is, of assuming it to be composed of straight lines, as shown 
in the diagram. As a fact, the tide rises and falls at a varying rate, giving us 
(see fig. 10 ) tlie curve ABHCKDLE. Suppose now we assume it to rise 
at 8 uniform rate, as shown by the straight lino A P ; then to remain at that 
height during the time POM; then to fall at the uniform rates M K and K G ; 
then to remain constant during the time G E. It is obvious that, by placing our 
straight lines suitably,' it will be possible to arrive at the same result as would 
be given by keeping the curved form. The difficulty is to attribute such 
values to the times P 0 ; CM; and G E ; as will bring about the correct result. 
The “ fairing ” of curves in mensuration is a common process, and there we 
are guided by the areas enclosed between the straight line and the curve ; that 
is, if we were only measuring the areas, we should so adjust the position of the 
straight line A P as to make the area A B H equal to the area H P C ; and 
similarly we should equalise the areas K D L and L G E. In this case, how- 
ever, we have to remember that at the top of the tide the “ head ” is less, and 
the discharge less, than it is at the bottom of the tide, and that consequently 
the lower areas .are of greater relative importance than the upper ones. Sup- 
pose, to take an illustration, the area H P 0 was to be covei-ed with pice and 
the area A B H with rupees, it is clear that, to make them of the same value, 
the former area would have to bo much larger than the latter. The difference 
in the actual case we are considering is not nearly so great as that, but it is* 
evident that, for a true “fairing” of our tide curve, the area H P 0 may be 
expected to exceed the area A B H, and the area K D L to exceed the area L G 
E. We shall see presently that the distance F 0 varies from about one-third 
to one-fourth of A N ; and wo must therefore expect the distance G E to be a 
good deal loss than one-fourth of N E. As N E is about double A N, we should 
probably be not far wrong in taking G E about equal to F C. 

We can now proceed to details, and we will take the simplest case first, vis,, 
that of a completely submerged sluice, with the tide rising at a uniform rate. 

In fig. (13), let A<, be the original head ; h the head after time t; S the total 
rise of the tide in the time T ; y the rise in time t. The rise being uniform, the 

tide-curve A B is a straight line, and the value .of y in terms of ^ isy = 

The discharge after time t is 

q = o*/~^ b D (1io~yf 

and the mean discharge in time T is q„ = J / 

T 

Hence y*, I bh— -Tjr^ at 

Substituting ^ for ^he integration of this is 

I j”/,/ _ J 

and since g'o = h D hi, the value of the ratip we require is 


?!» 2 hp" 

3 


{hp~Ilf 




n 2 



... (30) 


or, M it may bo written, 


n 

K 


q jff 

AVc can now calculate the values of for various values of the ratio ri 

^ He 

the ratio of the maximum rise of tide to the original “head.” The results are 
shown in the following table:— 


Table IX. 


! 

/io 

B 

■02 

B 

•10 

•2 

•s 

fl 


■ 

m 

■S 

■ 

■ 

l^O 

?-= 

lOOOOO 

•09400 

•98760 

•97460 

1 

■94823 

•92075 

■89207 

•SG193 

•53002 

79585 1 

1 -75530 

■ 


■ 

?. 1 





1 







m 



We now see that, when = 1> *bat is when the high-water level corre- 
sponds with the head-water level, so that the original head is just extinguished 
by the rising tide at a wni/orni rafe ; then the mean discharge is two -thirds 
of the maximum, in the case of a submerged sluice. 

Let us now see what is the effect of allowing for the parabolic shape of 
the tide-curve (see/j. 13). 

. . . E—i! 

The parabolic equation is ^ J 

and, as in the last case, 

j = c^2ff iJD(h, — yf 
Thus we obtain the value 

'I’ho substitution of e for {T—t) and o* for gives the form 

and the further substitution of tan 6 for ~ enables the integration to be readily 
performed, the final result, between limits 0 and T, being 

§)*+> 


J. 2 


^'•—1 
Iff ^ 


^+2 (IiM 


§)* ((|‘-v 


(31) 


The values of for various values of ^ are shown in Table X below, 


J. 


Table X. 


T'~ 1 

■ff/A. = ! 

f; 1 

•02 

■05 

•10 

•2 

•3 

•4 

•5 

•0 

•7 

! 

1 

•9 

•95 

l-O 

1 

/-o ///■= 

CO 

CO 

20 

10 

5 

3'33333 

s^sooooi 

2 

166667 

1-1256 

l‘2J j 

Mill 


l-O 

i 

II 

o 

i 

voooo| 

1 T9330 




■69299 

m 

•81103 

■ 


•66143 

■59582 

95584 

•M»l 


Thus the effect of allowing for the parabolic shape, ■when the head is just 
completely extinguished, is to reduce the factor from grcis to 
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We can now find the con-ect “fairing” of the tide-curve in the case of a 
submerged sluice. Suppose the tide to rise at a uniform rate for the time 
T—r and then to remain constant at the full height for the time t (see fig. 14). 

Then,- denoting the final discliai'ge by yi, where yi= c^/% ID and 

calling the factor ^2 in Table IX, i*!, and the factor in Table X, we have 

for the whole discharge throughout. the time i’, according to the “ faired ” curve, 
' ^i?<,(T-t) 4- y,T 

and, according to the parabolic curve, the discharge is y„ T. 

Now, if the curve is properly faired, these two results must be equal. 
Hence, equating, 


(■^1 - ?i) T = (i!’i - J's) y* T 

From this we obtain the relation 

T jFs jFi— i<’a 






(32) 


H 


The values of y, for the various values of ^ are easily obtained with the 
hel2> of Tables IX and X, and are shown in Table XI below : — 


Table XI. 


Hjho = 

B 

■02 

•05 

B 

•2 

•3 

D 

1 

•6 

•6 

B 

-t 

B 

■05 

1 •lOO 

T 

T- 


•17284 

•34365 

1 

! 

•83372 ! 

•33141 

1 

•33018 ! 

j 

•82887 

•32488 

•32203 

! 


•31250 

•30283 




The remaining sluice eases and the weir cases can be solved from the 
general case of a partially-submerged sluice. The solution of this case is as 
follows:— 

Fig. (15) represents a sluice where the initial outfall-level coincides with 
the floor of the vent. The initkl head is the final head and the head- 
water stands at a height A above the top of the vent. 

We will, 08 before, take first the case where the tide rises at a uniform 

rate, so that the rise in time t is 2 / == ^ t. You will observe, of course, that 

H—hn — /ii. Now, after time t, the head is /i, and the discharge, as a partially- 
submerged sluice, is — 

q = e^gb {{h - h) + | (// - A^)] 


Again, since h — ha — y, it follows tliat ^ =1 — ^ 


dt 


T 




Thus wo have — qtj q dt =:^’ jq ^ ” F 

Now substituting tho value of y, we have 

The integration of this, in general terms, is 

q„=-l''-^^[hj-\h‘- ... (33) 

and between limits 

= I {/'o {i- hi) - g (h! -hl)^ J (a -h r)] 

and since the value of y* is I {hi — A^) 
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we have, dividing by aJid then dividing both numerator and donomina- 
tor by Jii 


£2- 

?« 




(34) 


The values of this factor, for different values of the two ratios ^ and 

“0 itf,' 

are given in Table XII below : — 


Table XII, 


^1 ///O = 


•1 

•2 

•3 

•4 

■9 


a 

•8 

•9 

^10 


0 

•9 

•8 

B 

•0 

Bi 

■1 

•3 

•2 

■1 

0 

A/Ao=o 

•80000 

■8S14C 

•89308 

'Hi 

•91543 

■9C36D 

■97752 

•98778 

•99480 

iipw 

giii 

•1 


■849C9 

•88916 


•94365 

•96211 

•97679 

•98733 

•D9458 



.2 


■■■ 

•86225 


•91007 


•97530 

•98753 

•99 131 



■3 


... 

... 

•90690 

•93170 

■95014 


•98533 

■99378 

■99840 


•4 





02096 

■95128 

•96991 


•99305 

•99623 


■B 


... 



■r- 


•90523 


•99197 

•99807 


•0 


... 



... 


•95799 


■99028 

•99749 

1-000 

•7 


... 

... 


•— 

... 

... 


•98744 

•99678 

1 ooo 

•8 




mM 





•DS170 

99552 

1-000 

■9 

••f 

... 




•** 

• »» 

*•» 

... 

•9D118 

1-000 

1-0 


... 


H 



..M 

*»* 

*.» 

»*• 

l-OOO 


You will see that the case of a weir-discharge occurs when A == 0, i.e,, the 
factors applicable will be found in the top lino of the table. When in addition 

the degree of submergence is complete, i.e., when j also = 0, or in other 

words when a weir, discharging freely at first, is gi’ndunlly submerged by a 
uniformly-rising tide until the discharge censes, then the mean discharge during 
4 • 

the whole time is gths of the initial (maximum) discharge. 


We now have to deal with the case ( fiff. 1 6) where the initial outfall level 
does not coincide with the floor of the sluico, i.c., when the sluice is “ drowned ” 
from the beginning. Suppose the initial depth of submergence to bo 8; and 
we will use hg to denote the initial head, not the head measured down to the 
floor of the sluice. 

The sluice may be treated ns made up of two portions, of which the top 
portion, of depth (D— S) acts as a sluice discharging freely to start with, and 
gradually submerged, just as in the case wo have been considering. The lower 
portion, of depth 8, acts as a completely submerged sluice during the whole 
tinie. Now, calling g„ the initial discharge of the upper portion, the mean 
discharge of this portion throughout the time may be represented by — 


?i»l — fl ?ol 

Where is the factor obtained from Table XII, using the index-values 



h. 

ho 


Similarly the mean discharge the lower portion may be represented by 
Qni “ Xi HvS 

Where is the factor obtained from Table IX, using the index-value 
' j 'wnreu IS the same as y ; and is the initial discharge of the lower 
portion. Thus the mean discharge of the whole sluice is — 


. ^ ^ S’* — Sml +( Srili — Xl 9 o\ fz 9 oZ 

or, since the initial discharge is qg^ -j- jp, , we can write 

£« _ /l gol got 

S. ffpl + ffd! 
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When the level of high-water is below the level of the top of the vent, 
the parabolic shape of the tide-curve has to be allowed for. 

Wo have, as before, q s= 5 — h) 1 (/i” — a*)^ 


and = ^.| ^ I ^dh 


1 -5 

]lLdt 


j dh dy 
^'^^'di~~~ It' 


The value of ^ is obtained from the equation of the tido-our 


curve 


y= {T-ty 


. 1 , . - 2ir __ syzr — 

so that ^ dt — ^ ^ 


2^/S j— 
q\ V “ "I 


We now have, for the value of 


C\/'ia i j, dA 1 A" dk 2 ■' dh ) 

“ “ I “(A-*.)- i 

Tho integration is obtained by the substitution tail® 6 =: and 

follows, in general terms: ' * 


IS as 


_ c^/2{i h 

~ 2v'i? 


(''> -4 - §)** (W,.) ■ + 


>-* 

+ 

1 

«8>* 

( 

»<r 


J 


9 «| g 

Inserting the limits A, to A„ and dividing by q„ = ^A^' “ ^ j we 

get as the final resulfr— 


q,n^ 

' ' m 


•63500 


_ -18760 


■09375 (3 -f") (I 

m 

This may also be written — 
1 . 






m 


.. (86) 


22L=- 
l7o J- 


Av: 

A, 


■ 09376fd- 


I •G2500— •18750^®— 
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The arithmetical results are shown in Table XIII.— 

Table Xin. 


h \ /^o ^ 

D 

•1 



B 

■5 


■ 

•3 

9 

l^O 

II 

10 

•9 

B 

B 

■8 

■6 

1 

•3 

>2 

1 

■0 

A/Ao=0 

■62500 

74611 

•78818 

■81740 

■81182 

•88746 

•80812 

■80062 

■00665 

■84021 

•03827 

•06338 

•96210 

■88017 

■97051 

■80150 

•80122 


1*00000 

1*00000 



im 

•85444 

•00074 

.03437 

•82850 

•05878 

■07823 

■00067 


1*00000 

•3 


WM 


■39I8S 

■96618 

•97627 

•98083 

■09760 

l^OOOOO 







■82001 

•85098 

Kill 

•98862 

•99722 

1 <00000 

•5 

H 

H 

■■ 


— 

•80767 

■84337 

•83153 

■06933 

■96204 

•93687 

•98412 

99678 

■99610 

1*00006 
1 <00000 

7 




... 

- 


B 

■95214 

■87847 

■89405 



mM 

■III 


... 

•M 

M. 

B 

HIH 

■97011 

■00264 

l^OOOOO 







... 



.4. 

■08501 

1-0X60 

10 


•• 

... 

... 


... 

... 

... 


■ 1* 

l^OODOO 


As before, the top line of the Table when ^ = 0 applies to weir dis- 
charges. It will be seen that when a weir, discharging freely at first, is 
gradually submerged until the discharge just ceases at high water, the mean 
discharge is g ths of the maximum, so that the effect of allowing for the 
curvature of the tide-curve is to reduce the mean discharge from fths to fths of 

the maximum. 

The “fairing” of the tide-curve (see/y. 17) is done on the same principle 
as before, and we have — 

T Fi — F» 

r *" yi ... ... (37) 

9o 

Where and are the factors obtained from Tables XII and XIII, 
respectively. But the value of ^ is more complex than before, for the 

values are — 

— i (Jio—A') 

and qi = I 1 

or, as it may be written, 
g, = e^-2gl 


This supplies us with the value 
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The arithmetical values of ^ are given in the following Table XIV : — 

•Table XIV. 


o 

II 

B 

B 

•2 

B 

B 

•5 

•8 

•7 

•8- 

•9 

I'O 

H/Ao = 

l-O 

•9 

•8 

B 

B 

B 

fl 

•3 

•2 

•1 

0 

A/^o=0 

•21876 

•27200 

•28207 

•29048 

•29067 

•29308 

•20485 

•29577 

•30192 

•31880 


•1 

•M 

•27287 

•28206 

HW' <■ 

•29072 

•20328 

•29447 

■29822 


•30865 


*2 



•28233 



•29304 

•29446 

•29669 

■30283 

■31697 


•3 

... 


... 

mim 


•29291 

•29476 

•29008 

•80222 

•30988 


•4 




‘ ... 

•29050 

•29307 

•49487 

•29673 

-30269 

•29532 


•5 




*1. 


•20283 

•29463 

•29679 

■30180 

■31778 


•e 
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■29492 

•29800 

•80188 

■29324 


•7 

... 


... 

... 

... 
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•29572 

•30213 



•8 
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•30182 

•30038 


•9 
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... 

... 

... 

7.* 


•34820 


10 
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... 

... 
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H 

... 



Table X1V(«). 

• Table shonang values of ^ 


II 

o 

.4 

B 

B 

*2 

• 

•3 

B 

fl 

B 

fl 

■8 

■8 

1-0 

O 

11 

0 

•46863 
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•73942 

•82219 

•83389 

•02963 
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i‘ 0 aooo 

•1 


•44085 


73090 

■81038 

■88910 

■02721 

•08093 

•98333 

■09698 

l^O 

•2 

M. 



•71882 



■92261 

•96816 

•95229 

■99673 

1‘0 

•3 

... 


««. 

■65818 

•78723 

•80105 

•91607 

•95473 

•08071 

■99636 

I‘0 

•4 





70197 

■84468 

■90567 

■91930 

•97841 

>99481 

1‘0 

•6 




r-f 

**« 

•82039 

•89101 

■94160 

•07600 

•09401 

10 

•8 

W4 

•*4 

tu 

ft 


M. 

•86334 

•02931 

•06986 

•99276 

I'O 

•7 

... 

«*• 

... 

... 

... 

... 

... 

•90870 

•96106 

•99083 

I'O 

•8 









•04330 

•93012 

1‘0 

■9 

... 

... 


... 


U. 


U. 

... 

•07346 

1‘0 

l^O 

... 

... 

... 


•• 

.M 

... 

... 

... 

... 

IB 


Suppose now the sluice, at the beginning of discharge, is submerged to the 
depth S over the floor (see 18). As before wo will now use /<„ to denote the 
initial head, mi the head measured down to the floor of the sluice. Tho whole 
depth of the vent may be divided into two portions, tho upper part [{D — fi) in 
depth] acting ns in tho case just considered, while the lower part (S in depth) 
acts ns a submerged sluice. The mean discharge of the upper part is 

ffm = fl Jol 

where /, is the factor obtained from Table XIII using the index- values y and ~ ; 

2 A *0 «0 

and the value of is q^^ = g c-/Wgh (Jig — A’). Tho mean discliargo of the 

lower paii is q^, where ft is the factor obtained from Table X, using 

tho index-value — ; and qet = c^^jb S hg. Thus the mean discharge of the 
«0 . 

whole sluice is 

qtn — f 5*111 "f" 9ot — ••• ••• 

with the above values. 
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IV -DISCHARGE WHEN LEVEIES OF HEAD-WATER AND OUTFALL VARY 
SIMULTANEOUSLY. 

IVe have now determined the mean discharges in all cases when the head- 
level fells and the tail-water level is constant, as well as when the head-level 
is constant and the tail- water level varies. To complete the investigation we 
have to consider the cases whefe the levels of both head and tail-water vary 
simultaneously. 
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IV(a).-TIME OF DISCHARGE WHEN BOTH BASINS ARE OF RESTRICTED AREA. 

We naay take first the case ■where the outfall, as ■well as the head-basin, are 
both of restrifcted area; Ac., when water drains out of one basin into another 
of about the Eanie size. The case is not of very great importance, as it does 
not often occur in drainage probleins, but it may, be mentioned, in order to 
complete the subjecti We will take first the case of a submerged sluice, and 
■ use A'o = Ao 19) to denote the original difference of the levels of the head ^ 
and tail-water ; x the elevation of the head-water above the same datum' after 
a given time t; and ^ the rise of the tail-water in the same time ; s= area of 
head-basin ; and At — area of tail-basin. The differential equation is clearly 

qdi=:: —Aidx — + At,dtf 

and since the total quantity of water which has been emptied from the 
head-basin in time t is equal to the quantity which has flowed into the tail- 
basin, we have 

{x,—x) At,—y At 
Whence (xo—x) 


The discharge is $ = 6 ^/ 21 / b D li 


From the differential equation we now have 
dx Ah At‘ 


dl== - - 


dx 


6 D 


Vi 


(Ah + At)^ 

The integral of this between the limits and Xj gives the result 


2't= 


2 Ah 




o^2g bn jt 1 \Ah + At 



/ . Ah 






2Ah At 


c^2g b D Ah + At 


C ..i /Ah + At „ Ah \V) 

r*- -\—Ar ‘~At^v 1 - 

Now a-o is equal to h,, and A, = — y, = a:, — — {zo — Xj) 


Hence tho time of discharge is 


T=:- 


2Ah 


At 




(41) 


Oh/'ig b D Ah + At 

This corresponds with tho timo of discharge in the simple case of equation 
(19), with the additional factor 

Tho levels will be equalised when ar, = y, = ^ (a-, — xj 

i.e., when ^ ^ 

and tho time taken to equalise tho levels is thus 

m 2Ah At s ^ j n \ 

T sc 7 I y* Xq ilt -•» (*2) 

Ch/igbD Ah + At ^ . 

Tho remaining kinds of discharge, viz., those through partially sub- 
merged sluices and over woirs, are best solved by using equation (11), with the 
value of F given in TaWo II, and if noccssary working out the result by divid- 
ing the total fall into increments; for oach of whicli the v'ariation. of F will be 
smitll. Tho result will of course bo in the fqrih just obtained, with F ey '25 
b D written instead of cy^SV b D. 

* ■ ' k'2 '■ 
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lV(b)-— DISCHARGE INTO TIDAL OUTFALL WHEN LEVEL OF APPROACH-CHA NNEL 

VARIES WITH THE TIDE. 

The results which I have given in Section ni(J) apply, strictly speaking, 
when the head-pool is drained directly into a tide-way. In practice, however, 
it will more often happen that the drainage has to be conducted from the 
swamp to the sluice through a long approach-channel, or drainage-out ; and as, 
in a channel with a free surface, water can only flow from a big^Ar to a lower 
level, it follows that the surface of the channel, while the discharge is passing, 
must assume a definite fall, or declivity, in the direction of motion, causing a 
diflerence of level between the surface of the channel at its head, near the 
swamp, and at its tail, just above the sluice. Then, as the tide rises and 
e drowns ” the sluice, the discharge at the tail of the channel is reduced, and 
the water coming down from the head of the channel tends to accumulate near 
the sluice and raise the level at the tail, reducing the difference of level and 
causing a flattening of the longitudinal surface-slope and a consequent reduction 
of the channel-discharge, corresponding.with the reduced discharge through the 
sluice. 

The rise of the tide after “drowning” begins would cause an immediate 
reduction of the sluice discharge if the head-level at the sluice remained at a 
constant level ; but, as we have seen, the head-level at the sluice (ue., the tail- 
level of the channel) also rises, causing an increase of the cross-sectional area of 
discharge along the channel. This increase of area is accompanied by increases 
in the velocity, in the coefficieut, and in the hydraulic mean depth, all of 
which causes tend to increase the discharge. If the influence of the increased 
area exceeds t^t of the flattened slope, the discharge will actually increase as 
the tide rises up to a certain maximum, after which the influence of the flattened 
slope will predominate, and the discharge will decrease. The discharges of 
bom channel and sluice must be considered together, to arrive at a correct 
estimate of the mean rate of discharge throughout the tide. 

The normal condition may be taken as that which occurs at low water, 
continuing, in the case of a wehj so long as the weir discharges “ free” i.e., 
until ^‘drowning” begins. The sluice and channel should as a rule be designed 
to suit this condition j subject to alteration if further investigation shows it to 
be necessary. 

Unfortunately the expression for the discharge in the channel is so com- 
plicated by the variation in the ftictional coefficient and ^ in the wetted 
^rimeter and discharge-area, that a purely analytical -solution is impracticable.- 
The channel discharge is given by the equation— 



where /= total surface-faU in channel 
Jj = length of channel 
p = wetted perimeter 
0, = cross-sectional area 



^ = coefficient of friction 
These quantities are illustrated in fig. ( 20 ). 
The above equation may be written 


(/being Kutteris coefficient. 


If 


* Tne geBeral expression for the sluice-discharge is 
, q^ = F^<^2gl*D'- h. 

where F is the factor given in Table II ; 
or, more conveniently. 


, , ^ = F^<?2gF JF v, 

where F is the factor given in Table V. 

In practice the ^ta are the dimensions of the channel and sluice, and the 
rate of nse of the tide, so that the problem is to eliminate x and obtein q, the 
aischarge of the channel and sluice, in terms of y, the rise of (he tide, which 
18 known m terms of t from the tide-curve. As the quantities'^ <», p and A 
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are all more or less complicated functions of x, and as tlin co-efficient ? (or 0) 
also varies considerably ^vitli x, the complication of the problem is obviously 
prohibitive, even in the cases of ‘ the simpler f ormulse of discbai'ge. The 
solution can, however, be obtained in any particular case by the method which 
I will now. point out. 

First, the discharges of the channel must be calculated for sev.eral different 
depths, remembering that not only the area of waterway, but also the, surface 
slope will vary with the depth. With these depths as abscissse and the 
corresponding discharges as ordinates, plot the curve of discharges; and then, 
the discharge at any intermediate depth can be scaled from this curve. For 
the sluice-discharge the formula (17) diould be used, coupled with Table V, 
and we require it in the form 




C y/'ig hD 


... (43) 


Now, selecting from tho curve of cbannel-discbargcs any convenient pair 
of values of x and q, calculate the value of F from tho formula just given, 
and then, referring to Table V, see (using proportional parts if necessary) 

what value of ^ corresponds with this calculated value of F. This being deter- 
mined, the value of y is at once known. Calculating a few values of y in this 
way, we obtain corresponding values of q and y; and, if we are dealing with a 
case where tho rise of tide occurs at a uniform rate, y is 'proportional to and 
we can plot a curve with values of t (or y) as abscissm and q as ordinates. 
The area of this curve, divided by the maximum abscissa 2', will give the value 
of q„ the mean discharge throughout the time 2*. The initial discharge q„ 


being known, the value of the factor — is directly obtained. 

If the tide-cnrve is parabolic (or any shape other than rectilinear) we 
must, after obtaining corresponding values of q and y as above, find the 
corresponding value of t from the tide-curve, and plot these values of i as 
abscissae to the y-ordinates in the final curve of mean discharge. 

Tho method I have just described was employed in the calculations for tho 
Magra Hfit Drainago Scheme, which I will quote in one of my subsequent 
lectures,* and which will serve as a good practical example. 


* Sco SoclioD IX((i) of these Lcolnrcs. 
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IV(c). DISCHARGE INTO TIDAL OUTFALL FROM A MSIN OP SMALL AREA- 


A third case of Bimultaneoua variation in the levels of both head and tail- 
water occurs when u basin of small area is drained into a tide- way. The case 
resembles the one I have described in Section III (a) (see fig. 9 and equation 18), 
with the difference that the quantity h is subject to a double variation, being 
affected by the fall of the surface in the basin, as well as by the rise of the 
outfall, it is clear that this case only applies to basins of such small area that 
the ratio of the rate of fall of surface in the basin to the rate of rise of tide is 
of appreciable magnitude— say t^th ot over. This will usually occur only in 
the case of dock-basins, or of double locks with basins, to accommodate fleets of 
boats. It will also bo seen that four different cases may occur, as the basin 
may be either emptying dr' filling, and the tide may be rising or falling. 

The following notation must now be introduced : — 

*0 = = original height of basin-lovel above outfall surface. 

X = height of basin-level after the lapse of time t. 

»’ =: rate of rise or fall of tide. 

g rt — height of outfall above its original level after the lapse of 
time i, 

rT=. Total rise of tide in 

h =s hoad of* discharge after time f. 

P = rate of rise or fall of basin-surfsco.^ 

' I = alteration of level of basin-surface in time A 


These quantities are illustrated in figs. (21) to (29). The rate of rise or 
fall of the tide r is taken as a constant. If the rate varies, the wholo rise or 
fall must bo divided into portions, for each of which r is sensibly constant, and 
the calculations mado separately for each portion. 

■you will now see that equation (18) must be replaced by the following:-— 


± 



(44) 


where the value of q is expressible in terms ^ of /<, the head of discharge, 
the form depending on the nature of the conditions. As the use of the more 
complicated formulcc would introduce prohibitive complications, I propose, in 
this investigation, to consider only the case of the submerged sluice, where 

q = D 

It may bo possible to apply these results to other cases of discharge by the 
use of the factor F and Table II, but such cases are not of common occurrence 
in practice. 

Looking now at the figures (21) to (29) you will see that the head h is 
increased or decreased by the rise or fall of the basin surface and also by the rise 
or fall of the tide, that is — 

= ± ± ... ... - ... (45) 


We also have, from equation (44) combined witli tlie discharge 'equation, 
P “ Jy /i^ ... ..^ ... ... (4fl) 


Where E is an abbreviation for 


c ^/ 2 j 7 h D 


Tho solution is obtained from equations (45) and (46) as follows. Differen- 
tiating (46), 

dp dh 


Now substituting in this the value of 

/ 

the differential equation lakes the form— 


dp _ 

dt 2p dt 2p 
which is easily integrablo. 


(± P db »•) 


^ from (45) and of from (46), 
di 


... (47) 
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We -will now consider separately each of the four cases which can arise. 
The first occurs when the basin is being emptied, and the tide is rising. 
This case is illustrated by fig. (21). Then h is decreased by p and decreased by r, 
so that equation (45) becomes — 

dt ^ 

and equation (47) becomes 
^ p 4 ~ 

~ di~"^ P 

The integration is performed as follows : — 


2 


Whence, 


Jo J Po Jp‘+r 




(48) 


Taking the integration up to the time when the ^ead” is completely 
extingShed, and boll surfaces arrive at the same level, then t becomes T and p 
becomes 0, and the equation takes the form— 

4^’= ..-.iog.(i+^^) 

Dropping the suffix from p„ and writing for S} its value | from equation 
(46) (rememboi-ing that the quantities p and h now represent their initial values) 
the equation becomes finally — 




(49) 




This equation gives the value of T, the tinie required to reduce the 
“head” to zero from its initial value A, in terms of the ratio p/r. Values of 

L1 corresponding with different values of the ratio p/r are given in Table (XV). 

Now this equation is in a very inconvenient form, necessitating the use 
of trial methods, but this is unavoidable. It will, however, be as well to point 

^SupSe^itls required to find how much the level of a barin will be lowered 
in a gi?on thne t, thd initial head A being also given. The following notation 
will now be used, illustrated in fig. (22). 
h = initial head. 

toe ^^equired'* to equalise the surfaces, starting with the initial 

hcad/(^_ti^^ required to equalise the surfaces, starling with the initial 

head A,. . , • i i • ^ 

I = lowering of basin-level in time r. 

,C= „ II II II ^ 

Tim nmicinlo to” work on is that the time i is the diferenee between the 
limes of ^ Burfaces from the head h and from the head A,. The 

following relations are obvious; 

y — 71 — 71 ... ••• C®®) 

lZL-£^h-h-r{T^T,) (51) 

The value of p is given by equation (46) as K A*" , and the values of A and r 

arc part of the d«^a. 1 1 . ^ j 

First, using the value of p/»' corresponding with the initial head A, find 

the value oi— Table (XV). This determines T, since r and A are 

given. Next, taking a irtal value of A,, find the corresponding value of T„ 
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also from Table (XV), in tbe same way. If this value of 2[ satisfies equation 
(50) then the trial value of Aj is correct. If equation (50) is not satisfied 
select another faial value of A„ and continue untU a value is found to satisfy 
this test-equation (50). These mil be the correct values of A, and 2\. The 
required fall ( 1) in time t is now given by equation (61). 

Next, suppose it is required to find the time taken to lower the basin by a 
given depth 1. As before, begin by finding 2, and then select successive trial 
values of A,, and calculate the corresponding values of 2\ by using Table XV* 
but in this case the test-equation to bo used is (51). When corresponding 
values of A, and 2\ have been found to satisfy equation (51), the value of i is 
given at once by equation (50). 

Secondly, we will conader the case whore the basin is being emptied and 
the tide is falling. (See figs. 23, 24, 25 and 26.) You will see that A in 
this case, is decreased by p and increased by r, so that equation (2) becomes — 


dt 

and equation (47) is — 

^ s= 

dt P 


(52) 

(53) 


In order to determine the limits of integration suitable to the 
conditions of the present case, I must now call your nttontion 'to the 
fact that, in this case, the rate of increase of both h and p depends on 
the diferenee of the quantities r and p. Suppose, now, that both surfaces 
are originally at the same level, and that, as the tide falls, the value of A, 
starting at eero, begins to inoroose (jf;®. 23 and 24). The quantity p, which 
was at first zero, will increase cencurrontly with A (see equation 46), until p ap- 
proaches the value of r, which has, you will remember, a constant value. As 

p approaches r, the quantities ~ and ~ approach the value zero (see equations 

62 and 53); that is, both p and A tend to become constant. Thus whenever 
p is less than r, its value will continually increase until ‘it becomes equal to r, 
after which it will remain constant and equal to r, and the head and dtischarge 
wUl also remain constant. It can bo shown mathematically that p will alwags 
remain constant, when once it reaches the value r, as follows;— 

By successive differentiation from equation (63), wo have— 

2 ^ ^ p'* 

E-r dl^ 'di 

2 — 2p-« ^ 

JTr dP dt dl- 


A'V dP 


Gp-* ^ + 4P-* 


dP 



and generally 


2 

E*r di" 


p-'-i^E. -f - k />•* + 


dP^- 


di"-^ 


+ (- 1 )""' + (- 1 )"-^ p" 4 ? 

where JV,, J)^, &c. are numerical co:eiBcionts, 

IVom this we see at once that when p=r, all the successive differential 
coefficients of p vanish, and therefore tho value of p at which this occurs is 

neither a maximum nor a minimum. Thus p must remain constant, since ^ 

is ®e>*o. In this case p must always bo either loss than or equol to r, 

buppose, on the other hand, that the sluices are opened when the “head” 
M so large that the initial value of p exceeds that of r (das, 25 and 26). Then 
e basm-surface falls faster than tho tide-way surface, and tho head (and 
TOMeqnently p) will continually diminish until p becomes equal to r, after 
^ Braces will continue to fall at the same rate r, and the head and 
♦lion constant. In this case p must alivays be either greater 

equa to r. You can now see that the limits of integration applicable 
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will depend on whetliex p is less or greater than r. Taking the former case 
first, the suitable limits will he measured from the time that has elapsed (or 
■ that would have elapsed) since the surfaces started level. That is, T will be 
the time that would be required to bring the surfaces to a difference of level h, 
assuming them to have started at the same level. Keturning to equation (53) 
and integrating — * . ^ ' 






r-p 


Whence 


and, since JT* = | 
rT o »• + 

' V ^ - I n 


(54) 


The values of corresponding with different values of ^ will be found in 
Table XVI. 

The trial method has to be employed, as before. The notation used is 
illustrated in fig. (24). Suppose it is required to find the time t, in which 
the basin-surface will fall through a given difference of level /, starting with a 
given initial head A. From these data calculate the value of p/r, which, under 

M /y I 

the present supposition, is less than 1, and find from Table XVI. This 

gives the time T in which the surfaces would have arrived at their initial 
position if they had started level. 

Next, take successive trial values of A, and find from Table XVI, 
until values are found which satisfy the equation — 


l=L,-L^= r[T^ - T) -(A,-A) ... ' (56) 

The value of # is now given at once by i—T^ — T ... (56) 

In case the value of t is given, and it is required to find (, the test- 
equation for the trial values of A, will be (56), and the required value of I 
will be found from (56). ' 

We now come to the case where p is greater than r (see fg9. 25 and 26), 
which, as we have seen, occurs when the sluices are opened under a consider- 
able “head” which at once begins to diminish and continues to do so until 
p tends to become equal to r. As a matter of fact p can never become 

actually equal to r in leas than an infinite time (because the term log, ^1 — 


becomes infinite when p = r), and we must consequently choose as one of 
the limits of integration some value of p slightly greater than >*, say p=l’01r. 
The integration of (53) will now be as follows : — 


2 



p-r 



2 



JST® T 


^ ~ 1-01 -H log, 100 -5- log, _ ij 


2r 
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Substituting the value = ^this becomes— 


h 


= 2 


3-5953 + ^ + log, (I - l) 


P* 


( 57 ) 


.r!P 


The values of satisfying this equation are shown in Table XVIL 
The method of working is illustrated in fig. (26). 

f* 7^ 

As before, obtaining from the data the value of p/r, find -j- from 

' r T 

Table XVII. Next, taking successive trial values of find - 7 -^ from the same 
table, until values are obtained which satisfy the test-equation 

7 = 4 - A = »• y + A - (^)‘" _ I . A + - (-^ )’ } 

-h-K-\-r{T-T^) ... ... (58) 

and, of coui'se, 

i—T—T-i ••• ... (59) 

The third case occurs wdien the basin is being filled and the tide is rising, 
In this cose h is increased by r and decreased by p, so that • 

dh 

5? = "-^ 

Taking first the case where p is less than »' (fy. 27); then, as before, p must 
always remain less than r, and T will be the time that would have elapsed 
in bringing the surfaces to a difference of level //, if they had started level. 
Equation (54) and Table XVI an^ly, and equations (55) and (56), 

When p exceeds ?*, the conditions, illustrated by fig. (28), ore similar to the 
former case, p being always greater than »*, and T being the time that would 

elapse in reducing the difference of level from h (or /i,) to the amount ^ 

Equation (57), with Table X^TI, must be used, and equations (58) and (59). 

There remains the fourth case, when the basin is being filled on -a falling 
tide (see fy, 29). The head is now decreased by p and decreased by r, and the 
case rs similar in every way to the first case, when the basin was being emptied 
on a rising tide. Equation (49) with Table XV must be used, and equations 
(50) and (61). 

Finally it may be mentioned that, when p is very nearly equal to r, the 
solution is very simply obtained from equations (44) and (46), with the condition 
that I = fit. 


Table XV. 


Showing coiTesponding values of y and where 

rf . 7 - + 7 ) 

A P 


r” 


p/r = 

0-1 

O'Z 

0-8 

0 -i 

0'5 


0-7 

0'8 

V9 

1-0 

I'l 


1-3 

v 27 A= • ... 

•9S9 

•8S4 

■838 

•7«8 

•766 

•722 

■691 

•683 

.. •637 

•614 

•692 

•672 

•iSS 

fifr - 


1'5 


18 

2'0 

2-2 

2^4 

2'6 

2^8 

S-0 

3-25 

36 

3-76 

rJTh •= 

•635 

•619 

•695 

•476 

•451 

■428 

•463 

•890 

•374 

•369 

•341 

■328 

•312 

p/r - 

4-0 

4-6 

6-0 

6^0 

7-0 

8'0 

90 

10 

12 

16 

20 

58 

MO 

rT/h = 

•299 

•276 

•26 

7 

•225 

■201 

•181 

•168 

•162 

•ISO 

•109 

•053 

•037 

•019 
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Table XVI. 


Sho\nng coiTesponding values of y and where 

/( “ * ^ " 
,a 


p/r “ 

•1 

•8 

■3 

■i 

■B 

-56 

B 

05 i 

•7 

•75 

•8 

•85 

-0 

■03 

•95 1 -97 

•93 

■99 

1-00 

rTjh = ... 

iw 

MSS 

1 

1-2S9 

1-385 

1-515 

1-013 

■ 

1-593 

2-050 

2-202 

2-530 

2-890 

3-574 

8-999 

4-534 5-392 

6-lOfl 

7-377 

to 


Table XVIL 

^fp 

Showing coiTesponding values of ^ and 2^, whore 

,j. 3.5052 + £ + %.(£- l) 

/; p" 

■Ja 


p/r “ ••• 

1-010 

1-011 

1-012 

1-013 

1-014 1 

i 1-015 

1-010 

1-018 

1-920 

1-025 

1-030 j 

1-04 

I-OO 

1-03 j 

1-10 

1-12 

1-15 

1-27/1= ... 

o-ooo 

0-183 


0-517 



0-922 

1-150 

1-362 

1-773 

2-109 

2-619 

3-278 

8-086 

8-955 

4-137 

4-307 

p/r ~ ... 

1-18 

MO 

1-20 

1-25 


1-.1 

1-6 

1-0 

1-7 

1-8 

3-» 

2-0 

2-2 

2-4 

2-6 

2-8 

3-0 

rT/h ■ ... 

4-300 

.1-413 

4-125 

4-127 

4*3fi8 1 

4-W2 

3-013 

3 000 

3-418 

3-I9J 

2-980 

2-798 

2-479 

2-199 

20-12 

1-754 

1-620 

■1 

8-25 

8-00 

1 

3-75 

4-0 

4-6 

5-0 

6-5 

^9 

7 1 

B 

9 

10 

12 

15 

29 


190 

r27/i= ... 

1-450 

1-307 

M89 

1 -os; , 

0-825 

•709 

•701 

-622 

-500 

•423 

■352 

•3W 

1 

•250 

•189 

•183 

1 -016 

•0214 


2 
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V.-VELOCITY OF APPROACH. 

It "will now be appropriate to deal witb the very important subject of 
“Velocity of Approach,” which I have already mention ed. W e have seen that 
the velocity of flow through a submerged sluice is cy/ 2 gli,h being the head 
and e a coefficient, allowing for the effects of friction and contraction. If, now, 
the area of sluice-opening is a, the discharge is given by the equation q = 


Thus the theoretical velocity of discharge is w = A = ~ 

C C() 


so 


e a 2 g h» 

that c a may be looked on as the “ virtual” area of waterway. In this we have 
taken the sluice as discharging direct from a basin of large extent, so that the 
water in the basin has no general velocity of any appreciable amount, in the 
direction of the sluice. Practically, however, dminage water is generally led 
towards a slnice through a channel of restricted cross-sectional area, so that the 

water approaches the sluice with a velocity ^ where ^ is the cross-sectional area 
of the channel. In the first case, the “ head” necessary to impart the velocity 
to the water was h = ^ ja * ^ tbe second case, the water already pos- 
sesses the velocity ^ , corresponding with the “ head ” so that the 

balance of head required to make up the velocity is only 


* ” 2g {oaf ~ 2ga' ”* "• •" 

Bemouilli’s theorem suppUes us with an accurate method of determining 
the relation between the bead and the discharge, and on account of the 
importance of the subject, I propose to deal with it in detail. 

In fig^e (30), ABC represents a filament, or stream-line, along which water 
is flowing from the approach channel, through the sluice, away down the recess- 
channel, or outfall-channel ; and to make the demonstration complete we wiU 
suppose that both approach and recess-channels are of restricted cross section, 
so that the water approaches the sluice with the velocity u„ and flows away 
-from it also with a definite velocity « 3 . The velocity through the sluice itself 
is 2 fg, and s,, s,, are the elevations of the stream-line at the three 

we are considering. Then the total head at A is as follows: — 

Head due to elevation 

„ pressure ... 

„ velocity 


= 

= ^1- 
-Vl 

2g 


The total head at B is as follows : — 

Head due to elevation 
,, pressure 

,, velocity ... ... 

and let the proportion of head lost in friction and 
contraction in the sluice be represented by 
Equating the total head at A to that at B we have 

a + w^ = ft-i-.+^A; 


••• — yi~ 
2/7 




y 

“ 2g 


That is, Ug = 


“n/ 1 + 5) 
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It is usual to uso tlie coefficient c to denote the quantity ~ 

V 1 + ?b 

we have, as the formula of discharge when velooiiy of approach exists, 


, so that 


(61) 


y = tf *fB = c 2 jr a 

The quantity is usually called the “head due to velocity of approach.” 
Next, the total head at (7 is as follows: — 


Head duo to elevation 
„ presBum 

„ velocity 


••• ••• — iSj 

••• ^ ' 

“ 2g 

Head lost in friction and contraction in the 


sluice ... ... 

Hoad lost in eddying motion in the tail- 
channel, owing to the change of velocity 

from tu to «n 




j_ ^ tjl 

2g 2g 

The total head at C is thus = (1 + &) ^ + ysi which is identically 

equal to the total head at B; from which wo see that the existence of the 
residual velocity has no oScct on the discharge of the sluice. 

If now, in equation (61) we substitute for its actual value the 

Sit 

equation can bo written in the form 

JL 

. c 

which is idcnti^l with the expression (60) I gave you just now. This 
may also be written in the form 

= 


■4 = 2 ^/. 


\ 


That is, ffsnO, c a (2yA)“ 


(62) 


Where (7, is a factor allowing for the effect of velocity of approach and 
having the value -7 ' The values of (7, for various values of the ratio 




— are given in Table XVIII. 

if2 

The factor wo have just obtained applies to cases of sluice-discharge. The 
factor applicable to weii’-dischargos is not quite so easily arrived at. The 
fundamental equation, which you will find in tho text-books, is— . 

rj==lc6^^((A+ f,y - Tj'} 

ff ® 

Where h is the head duo to velocity of approach, and is = 

^9 


This equation can bo written as follows : — 

3 ^ = <7„ I c5 

Whore <7,^, tho factor allowing for tho effect of velocity of approach, is 


(63) 




... ( 64 ) 


Now, exprcEsing % in terms of q and wo have 

gr =r rtK, S= il( 2 yjj)^ 
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Equating this to (63) above, and using a to denote the area of watei'way h\ 
it folloTVB that 

= G„lca {ighf 

= (M) 

The corresponding values of ^ and t7„> are shoWn in Table XVIII, which 

is calculated as follows. Select any convenient values of ranging from 0 
upwards, and for each value calculate firstly the value of 0„ from (64) and 
secondly the value of ^ from (65). Tabulate all the values thus obtained; 

and tlien any required intermediate values of (and t7„) can be obtained by 
using proportional parts, or by plotting the calculated values in curves and 
scaling oS the required intennediate values, The accuracy of the results can 
be tested by trying whether the results in Table XVIII satisfy both equations 
(64) and (65). The values of not being required except os stepping-stones 

to the values of ^ and are not quoted in the table. 

if2 

It will be seen that the values of Oa correspond fairly closely with those 
of Of The factor (7, may be used for all the “sluico” cases, t.c., in all cases 
where the top of tlie vent is below the surface of theliead-wnter. 
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VI.-SLUICE IVITH BKEAST WALL IN FRONT OF VENTS. 

I HAVE already sketched tho general nature of the conditions under ■which 
large sluices, draining into tidal waters, are constmotod in Bengal. The 
tidal water is exchxded from the land by embankments, in which sluices are 
necessary,^ to allow of the rain>water being drained off the land at low tide. 
The land is low, and tho range of tide considerable, so that, while the level 
of tho tide-way at high water may -be a good mony feet above the land, 
the low-water-level may be a very, considerable depth below it. Thus, it 
may very well happen that tho level of low-water is some 12 feet or more 
below the level of the flood-water lying on the protected lands, and with this 
“ head ” of discharge tho velocity through the sluice would bo about 20 feet 
per second. Now tho sluices are, ns I have mentioned, built near the mouths 
of khnls on alluvial soil, which is sometimes treacherous and full of springs. 
Tho material used is brick, and it is desirable, for the sake of economy, 
not to use too great thicknesses of masomy. A sluice of this nature would 
be subjected to very heavy vibration and strain by such a high velocity, 
oven without tho dangoi- of scour in tho channel below the sluice. Failure 
is, however, most liable to occur by a deep pot-hole being scoured out just 
below tho apron of tho sluice and this cavity extending backwards underneath 
the apron, which, being undermined, falls into tho hole, until tho sluice 
itself is threatened. Gases have occuiTod of sluices being completely washed 
away in this manner. To throughly protect tho diannel below the sluice 
against scour would be very expensive, even if practicable ; but it is not 
necessaiy to do 'so, if wo can adopt means to ensure that the velocity through 
the sluice shall never exceed some safe limit. This is always done now 
by the construction of a breast-wall in front of the vents (Ac., upstronm of 
them), so that the water has to flow oter this wall, as over a weir, before 
passing through tho vents. Thus supposing tho flood level on the countiy 
to stand at + 12'00, and tho crest of tho breast-wall to be at + 8’00, it 
follows that tho'volocily can never exceed that duo to a weir discharge with 
a “l«ead*’ of 4 foot, Tlio discharge would begin when tho tide fell below the 
level 12‘00, would gradually increase until the level 8'00 was reached, and 
after that would increase no more however low tho tide fell, instead of 
increasing to a velocity of perhaps 20 fcot per second, as it might wore there 
no breast- wall. Here, then, wo have a new case of sluico disebargo, wbero 
tho water passes over a weir situated close in front of tho sluice vents, and the 
determination is somewhat complicated. 

The special notation employed in this connection is as follows : — 

JT = height of surface in head-pool. 

J!7 = height of weir wall. 

(e s=: height of surface in tho intermediate space, between tho weir 
and the vents. 

It = height of surface in tidal outfall. 

jy = height of vents. 

= breadth of weir wall. 

= „ of intermediate space. 

= „ of waterway of vents. 

c„ = coefficient, of discharge over the weir. 

a, = „ „ through tho vents, 

= „ velocity of approach to tho vents. 

The discharge occurs first over the weir into the space botwoou tho weir and 
tho vents, and secondly out of this roaco, through the vents, into tho tideway. 
Ab the tide rises, tho vents are gradually “ drowned,” causing the water in the 
intermediate space to rise also and “drown” tho discharge over tho weir. 
Tho waterway in this intermediate space may bo only slightly greater than 
that through tho vents, and lliero will, tboreforo, bo a considerable velocity 
in it, as tho discharge passes forward to tho vents'. As wo have scon above, 
when considering the subject of velocity of approach, this velocity will not 
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affect the '-sveir discharge, hut it will constitute a fairly high Telocity of ’ 
approach to tbe vents, and thus, in estimating the velocity through the vents 
we must employ the approach coefficient 0,. If the waterway in the space 
were equal to the waterway through the vents, this coefficient would bo infinite, 
implying that the heading up would bo zero ; that is, that a; = E. Practically 
the waterway in the space will bo the larger, especially where there is more 
than one vent, and the waterway of the sluice is reduced by the thickness of 
the piers between tho vents. Even when there is only one vent, there will be 
some coefficient of contraction of tho flow, and tho virtual area of tho ventage 
may be taken as c, I, z against tho area x of the space. In any case the 
heading up of tho level in tho intermediate space, caused by tho vents, will be 
less than it would bo if tho space contained “dead” water. The question 
next arises as to tho point at which tho width J, and tho depth « in the 
intermediate space are to bo measured, as the wing-walls gradually converge 
from tho weir to the vents. As tho velocity in tho space has no effect on tho 
weir discharge, it will moke no difference to the weir where tho dimensions arc 
reckoned ; and it appears correct to regard tho sluice discharge ns affected by 
tho velocity immediately above it, rather than by tho volociiy in any more 
remote place. Hence the dimensions i, and ar will ho measured close to the 
vents. The height x is hardly susceptible of practical monsurement, as the 
water in tho space is in 'a state of violent dislurbancc, and in some oases is 
subject to a general oscillation, its surface rising and falling at intervals. Tbe 
height X must therefore bo looked on as tho equivalent height duo to the mean 
pressure, reckoned over a considerable time, in tho filaments passing through 
tho space, immediately above tho vents. 

Wc can now form tho equations of discharge for each condition that 
presents itsolf during tho rise of tho tide. First, avo will take the simplest 
case, which occurs at first, when tho lovol of , the tide is low, and tho Icvol in 
tho intermediate space is below tho crest of the weir-wall (sec 81). So far 
as tho Aveir is concerned, wo have ho^e n simple case of “ free ” discharge over 
a weir, and tho equation is obnously 

O — I 

j = I — D) ... ... (6G) 

Coming now to tho vents, wo see that the discharge is similar to that over a 
drowned Aveir, for from tho height x down to tlio height R tho dischnrgo is 
** free,” whilo throughout tho lioigiit R tho head of prc.ssuro is constant, and tho 
discharge is similar to that of a submorgod sluice. To the aa'IioIo dischargo the 
“ approach ” cocfficiont C, has to bo applied. Thus tho discharge of tho A’onts is 

y = Ci. c. /P, [I (z - Jf)* + J? (.T - 7?)^ } 

For our present purpose it will bo most convoniont to write this equation 
in the following form 




(67) 


In this equation the value of O, has to bo obtained from tho velocity of 
approach Table XVIII, using as tho indox-valuo 


c(t Cs hg X Cg Jtg 
itl hxX bg 


This complotos tho first case. 

The second case occurs when tho lovol in tho intormodiato space has risen 
above tho crest of the weir, but not us high as the top of tho vents, »>., Avhen x 
is greater than B and loss than D (see fig, 32). 

The woir dischargo is now “ drowned ” and its equation is consequently 

? = [g (H-z) (z-2?)] (H-a-)^ ... ’ ... (6S) 

The dischirge through tho vonts is oloorly of tho same form as equotion 
(67) above. 
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In the the third case, the level in the intermediate space has risen above 
the top of the vents, while the tideway level is still below that point. That is, 
K is greater than i?, and R is less than D (see fig, 33). 

Hern the discharge over the Weir is identical in form with equation (68), 
.bat tlie discharge through the vents takes the form of that of a partiall;p -sub- 
merged sluice, as follows ; — 

q = 0, c,vTgh, [I (u: _iZ)‘ _ I (a: _ uf + R (x- Rf] 

Which may be written as follows 




+ 


</ 

0, 


(69) 


In this case the value of (7, is obtained from Table XVIII, using the 

• , , CC6 Gg l)m 

index-value -^r — — . 

bx SC • 

Lastly, the fourth case occurs when boch x and R are greater than D (see 
fig. 34J. 

Here the weir-discharge ib evidently the same as in the second and third 
cases, and its equation is given in ( 68) above. The vent discharge occurs as 
, through a completely -submerged sluice, under the head (a: — if), and the 
approach, coefiicient C, has to be applied. The equation is as follows : — 

q= C,c, hgDix — Ry 

0 

and it may be written, for convenience, as follows : — 

R = x— (c, g) ••• 


where the value of C, is obtainad from Table XVIII, using the index-value 

M c, b, D 

il hmJC 


I will now indicate how these equations may be solved in practice. The 
value of JI is given, and wo have to find what values of q correspond with any 
given values of R; that is, we have to find the discharge of the sluice at any 
given state of the tide. In order to do this, we have to find also the value 
of X, but this value is only required as a stopping stono to tho values of q and 
R, Tho solution has to be obtained by trial, as follows. First, select some 
convenient value of x. Then calculate the value of q from the weir-equation, 
i.e., from whichever of equations (66) or (68) is applicable. Then find the 
value of R from tho vent-cquation ^67), (69), or (70), whichever is applicable. 
This oporoiion must bo can-ied out by trial methods, except in the 
case of equation (70). We now have one complete set of corresponding 
values of «, q, and R. Next, selecting a second convenient value of x, a 
second set of values can bo obtained, in tho same manner. When several 
sets of values have been thus determined, a ciuvo can bo plotted, to any 
convenient scale, with tho values of R as abscissrc and of q ns ordinates. 
Tho values of x, as I have just mentioned, are not required any fui'ther. When 
wo have plotted this curve, we can then scale off from it tho values of q 
corresponding with any particular value of R requu’od. 

Now it must bo admitted that this solution is extremely cumbrous and 
laborious, and although it might bo necessary to use it if wo wished to make 
out a complete “ discharge table,” showing^ tho discharges of tho sluice at all 
heights of the gauges, yet we want sometliing much simpler for practical work 
in closigning, whore several trial designs might have^ to bo rejected before a 
suitable one was arrived at. As a first stoj) in tho direction of simplicity, we 
may take the following method, which I will call tho “first approximation.” 
Taking first the case whore the weir dischaTges “free” at low water, 
let Ro (see fig. 35) be tho height of the tideway level at the moment when 
tho weir begins to bo “drowned,” i,e., when x is equal to and lot be 


a 
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the time the tide takes in rising from 0 to and 4 the time of rise from 
Bo to B. Let qo he the discharge when the tideway stands at the height B,. 
Then since the weir discharges “free” when tho tideway is below the 
discharge throughout the'^ time to^ is uniformly equal to qo. We now come 
to tho approximation, which consists in assuming that the rate at which x 
increases from B to Bis proportional to tho rate at which B increases from i?j 
to H ; that is, 

a — B B — J?o 

M— B ~~ H— Bo 

This gives us the relation a- = 5 (fi — B^ ' ... (yij 


We can now proceed as follows. First find the value of qo from’ equation 
(66). Next, using tliis value of y, find from equation (67) or (69), which- 
ever is applicable. The form f 69) may be taken as the general form, on the 
understanding that when x is less than B the term (« — i?) vanishes. In this 
case we have to write B for a, so that the' equation takes the form — 






(72) 


The value of C, is obtained from Table XVIII,' using the index-value 
— = when B is greater than i?, and ^ when B is less than D, 

if2 Ojn JS a* 

Now the value of Bo has to be found by trial from this equation (72), and 
when tliis has been done the value of q for any given value of B can be found 
from equations (71) and (68). 

This completes the solution in the case when the weir discharges “ free ” 
at the beginning. It may, however, happen that the weir* is “ drowned” from, 
the beginning, at low water, owing to the smallness of tho vents or the 
lowness of the breast-wall. In this case x, is not equal to J?, and our method 
has to be modified, as follows. Wo now have equal to zero and iZ, scro,' and 
the value of .r, has to be found from equations (67) and (63), which take 
the following forms (since i?, = 0) 


2 — ^ 

S'. = a <7, c. •/ ^9 K Xo 

and qo = \ c„ l)„ { (-S' — + 1 («o — } (H-Xo)^ 


Dividing, the following expression is obtained, 

’B—x _ 0, 0. h 

- c„ 6,. B-Xo + I (Xo-B) 




(73) 


From this equation (73) the value of can be found by trial. The value 
of c, in this case would be perhaps more appropriately given by the value 

of in Table XVIII, using the index-value ^ 

Now that wo have thus determined the values of a?„ and qo, we can 
assume as before that the increase of x is proportional to that of B, thus : 

x—Xo __ B 
B-Xo ~ B 

Thatis, x=:Xo-\-B (l ... ... . ... (74) 

We can now find any other required value of q from equation (68) 

This completes the first approximation. It will be seen that the laborious 
trial methods are not altogether avoided, as they have to be employed ia 
determining Bg or Xo, There is, however, a considerable gain in simplicity 
oyer the accurate method. The trial method may he completely avoiaed by 
using another method, which I will call the second approximation, and which 



is as follows.. When the weir discharges “free” at low water, the value of 
has, iu the first approximate method, to he found by trial from equation (72). 

To avoid this, write giJ instead of and the equation then becomes 




B ^ 


ffb 


! 


ca 

n 


— . (75) 

(O.e. 

Tho^ value of 0, is obtained from Table XVIIl^ using the index-value 
where JB is greater than Z>, and the value — = when B is 


h.B 


less than JD. The value of 51 ^ is obtained from equation ( 66 ) as before : and 
any other • values of * and q can be found from equations (71) and ( 68 ). 
This completes tlie solution whon the weir discharges “free” at low water. 

When the weir is “drowned” at low w'ator, wo had, in the first method, 
to find the value of by trial from equation (73). To avoid this, in the 
second approximation we attribute to a:» , on the right-hand side onlg of equation 

(78), the value ? ■ and the equation then becomes 




b II- B 


Tliat is, 


•Va — 




0 , c, I, 


•g+A "- 

u-b) 


(76) 


Tho index value for G, being -- 

J* 


=: as in equation (73). 


This determines , aud tho rest of the solution is tho same as id tho first 


approximation. 

There is a third approximation, less accurate than either of the preceding 
methods, but still sulBciontly near tho truth in many cases, and it consists in 
calculating tho discharge over tlie weir as if the vents did not exist. This 
is equivalent to assuming that x is always equal to i?, ond it follows, of course, 
that = Bo — R’ "Wlien the weir is “ free,” i.c., when It ^ B, the discharge 
is given by equation ( 66 ). When the tide rises above the crest of tho weir, 
i.e., when E ^ B, tho discharge is 

q^c^^Wj Kil^U-B) + {ll-B)} {H-RY ... (77) 

Wo now have four difEoront methods, of gradually increasing 6 in)plicity, 
of determining tho discharge of our sluice, and the best way of comparing 
the results of each method is to take on actual example. Wo null select the 
dimensions of a small sluice lately designed for tlic 24-I*arganas embankment, 
which give us the following data : — 

U - 10'; D = 8 ' ; 13 = 6'; = 18'; 5,= 13'; h. = 10'. 

2 10 

The oi'dinary coolTiciont for n weir is g c„n/2tj — g-, so that the value of 
<?„ is *62 and = 5 . As regards tho result, thero is very little contrac- 

tion, as tho floor is flat, thd wing-walls convergo gradually, and tho iner is 
fitted with a cut-water. Tho coefficient must thoroioro bo nt least os high as 
c, -v/5? = 6 ' 5 ; that is, c, = ‘81. With these figures tho equations are as 
follows : — ^ . 

Equation ( 66 ) is 

j = I X 5 X 18 (10—6)- = 480 0 . f. s. ... ... . ( 66 a) 

In equation (07), tlio indox-valuo for determining the value of C, from 
Table XVIII is ^ 

1'303. 


1 » 


'009; and the con-osponding value of C( is 


Equation (67) now becomes — 

(* + f) (ss—nf- 35!= 


^•078 


(C7a) 
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Equation (681 becomes — 

2 = 5Xl8{|(10--*) + (*-6)}(10-a;)^ ... ... (68a) 

and (69) is as follows — 

(® §) ~ (®— 8y + 43.{ja3 oi — — (69*) 

whoro the mdox-value for finding C, from Table XVIII is 

ca 4*985 

H ~~ X 

TIio remaining equation (70) is 

E = X (520 0,) *" • ••• 

where tho index-value for 0, ib ~ = ^ - 


Til obtaining the solution by tho accurate method, wo must first see 
whether tho weir will dtechargo “ free ” at low water. Using equations (66a) 
and (67a) and writing iZ = 0, wo liavo 

^ S- 480 
** “ 54*678 

whence wo obtain for x^ tho value 4*256. Thus Xc is less than B, and 
tho weir discharges “ free.” ■ ^ . 

Next, find tho value of i?,, tho elevation of the tideway when “ drowning ” 

begins. In equation (07a) write x = B = 0' so that 
(6 + I) (6— JZ/ = 8*770 

It is found by trial lhat'this is satisfied by the value R := 4*924. 

Next, find the discharge as “drowiiing” progresses, from (08a) 

Taking first .r=7, we have from equation (68a) 

y = 5 X 18 j |x 3-1- 1 j-/ir=467*65 

and substituting this value in (67a) 

(r + f)(r-E)*=4g“ = 8-663 


This is found by trial to bo satisfied by tho value B = 6*289 
Taking another value of x, say « = 8, the values obtained from equations 
(68a) and (67a) are q = 424*27 and It = 7*566. 

Again, when x = 9 feet, tho value of q from (68a) is 330. In this case the 
tide-way level will bo above tho top of tho vents, so that equation (70a) will 

bo the proper one to use. Tho indox-valuo for t?, is ^ 

corresponding value of 0, from Table XVIII is 1*202, Equation (70a) now 
becomes 


Taking one more value of a;, vis., a:=9*8, tho value of q from (68a) is, 
? = 90 [ I X -2+3-8 j = 158*32 


For the solution of (70a) wo have ^ — '509, so that tho value of 

' 9*8 

0, from Table XVIII is 1*163, and equation (70a) becomes 


B = 9*8- 




All these values are shown in column (1) of the comparative Table XIX. 

This will be quite a sufficient number of values to calculate, as any other 
intermediate values can be scaled off from a curve plotted with the above 
values of R as abscissae and of q as ordinates. Tho principal object, however, 
of the calculations wo are now making is to compare tho results obtained by 
the use of the approximate methods described above "svith those of the exact 
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method. Having got our results by the exact method wo will now sec 
what values of x ana g will be given by the approximate methods, for the same 
values of B. I need not occupy any more time in tracing the arithmetical 
steps of the process, but will briefly mention how the results are obtained. 

Coming to the first approximation, the value of B„ is obtained in exactly 
the same way as in the exact method and is of course the same as above, 
vis,, B^=4:’92‘l. Now taking equation (71), and using this value of i?„, and 
substituting in it successively the same values of B as wo obtained by the first 
method, wo can calculate the corresponding values of x. The values of g cor- 
responding with these values of x are calculated from equation {B8a). Theso 
results of the first approximate method are shown in column (2) of Table XIX. 

We next come to -the second approximation. The value of i?o is got from 
equation (76), We have first to obtain the value of G, from Table XVIII, 

which is given by using the index value ^ = *623 (since B is less 

dl liJ 

than B), the corresponding value of C* being 1'28. From equation (75) wo 
get the value B^ = 5*079, which is a very fair approximation to the true 
value 4*924 obtained above. The remaining values of z and g are calculated 
from equations (71) and (68n!) exactly as before, and the results arc shown in 
column (3) of Table XIX, 

Lastly, wo come to tbo third and roughest approximation, in which it is 
assumed that z is always equal to B, and consequently when “ drowning ” 
begins z^ = Bo = B = 6', The values of g are obtained from equation (77), 
which becomes 

5 = 60 ^1-|- ^ ^ v^lO— -iJ ,,, , (77<i) 

Tlie results are shown in column (4) of Table XIX, An examination of 
this table shows you that in this example the approximate methods give 
discharges, as a rule, in excess of the tratb, especially the 3rd approximation; 
and that the results of the 2nd method are practically as close to the truth as 
those of the 1st. 


Table XIX, 
Comparative Statement. 



1 

1 2 

3 

4 

Esdot 

method. 

1 First 
Approxi* 
mution. 

1 

Second 

approxi' 

mntioa. 

Third 
npprnxi- 
1 mntiou. 

fJfo= 


4*D2i 

4-924 

6-079 

0-000 


— r 

0-000 

6-000 

0-000 

0 - 000 - 

1 3o= 

... 

480 

480 

480 

480 

(S= 


6-289 

0-289 

0-289 

0-289 



7000 

7-070 

6 934 

0-289 

l 5= 

»»* 

468 

406 

408 

479 

fJZ= 


7-586 

7-666 

7-660 

7-606 

] x= 


8-000 

8 082 

8-022 

7-606 

1 Q= 

• •• 

421 

419 

423 

41B 

(R= 


8-721 

8-721 

8-721 

8-721 



9-000 

8-992 1 

8-960 

8-721 

1 3= 


330 

331 

336 

361 

f J?= 


9-731 

0-731 

0-731 

0-7SI 

■5 jr= 


b-800 

9-788 

9-781 

9-731 

1 3 = 

• ** 

168 

103 

106 

183 

CS=: 


10-0 

10-0 

10-0 

10-0 

} 3?= 


30-0 

10-0 

10-0 

10-0 

1 3 = 


0 

0 

0 . 

0 
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VII -PRACTICAL DESIGN OF DRAINAGE SLUICES. 


In actually designing sluices of tMs_ type, the most practicable method of 
proceeding will be to work in the first instance by the third approximation 
design the sluice completely by this method, and then test the result by the 
more exact methods and coiTect the design if necessary. This simplifies the 
design enormously, because the third approximation, as we have seen, consists 
in regarding the stmctm'e as if it consisted simply of a weir, without any vents 
below it, and consequently we are enabled to apply the results which I pointed 
out to you in Sections III and IV of these Lectures. We know from the tidal 
curve thenumber of hours during one tide tliatthe weir discharges “ free” (which 
of course occurs, on the present assumption, while the tide-level m below the height 
B), and wo may call this Lot us suppose, in this cose, that the tide rises 
considerably above the height H, so that the 'rate of rise from 5 to JiV is 
imiformj and let us use to represent the number of hours during which the 
tide is either rising from i? to 77 or falling from S to B. The time during 
which the tide stands above the lovol H may be represented by and we 
then have tg + tt + U = 13. "Writing q„ for the true mean discharge dming the 
time ti, for the maximum discharge which occurs diuing the time te, i.c,, 
while the weir is discharging “free;” and noting that the discharge during the 
time ti is zero, wo have, as the true mean discharge during the whole tide, 
which w'e will represent by 

ffmm ( ^0 + + ^» ) = + 0 

ya 

ti 

That is, — S'. • ... ••• — (78.) 


Suppose now it is required to design a sluice with a breast-wall of such 
capacity as to lower the flood-level over an area of M square miles at the rate 
of r inches in 24 hours. We know, as a matter of arithmetic, that a flow-off of 
1 inch in 24 hours from 1 square mile is equal to a continuous discharge of 
26*89 c. f. s. lasting for 24 hours, so that wo have for the value of 

. q„„=20'80Mr 

and substituting this value in equation (78), wo have for the value of 

— 350 '^r 

/ I £2 / •" "*v ■ "• 

. The breast-wall must be of sufficient width to pass this discharge when 
discharging “free.” The disebargo, of course, doiiends on the depth of 
water passing over the crest of the wall, i.e., on the quantity — B), which 
must be fixed arbitraiily, at such a value that the velocity through the sluice, 
and the hammering action of the water on the floor, may not exceed a safe 
limit. For instance, suppose wo considci*, from practical experience, that the 
depth of overflow should not exceed 4 foot, then the breast-wall would be 
built up to a height 4 foot below the flood-level. Some allowance also should 
be made for the actual height of the Avail B, because it is clear that a small 
quantity of water falling fi'om a great height would cause more hammering 
action on the floor than a greater depth of overflow with a low fall; but, on 
the other hand, the scouring action below the sluice Avould in any case be 
greater with the greater depth of overflow. In fact, this is a matter which 
must vary with circumstances, and can only be decided by experience. 
Calling the depth of overflow (AT — B), wo have 

2. = -yS,, (H-B)> ... . ... (80) 

and combining this with (79), Ave have for the Aralue of 

7. _ 105 Mr 

"w ... V... /fil) 
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The value of appropriate to the case under consideration must bo- 
selected from the results I have given you. 

The foregoing results may be cxemplided as follows : — 


Suppose it is desired to drain a swamp whoso level is 7 feet above mean sea 
level, by means of a sluice discharging into a tideway where the moan typical 
tidal curve has a range from 0 feet above to 3 feet below mean sea level. 
The drainage water is led from the swamp to tlio sluice by an open channel 
.6 miles long, The area to bo drained is 30 square miles, and the water over 
this area has to bo lowered at the rate of f' in every 24 hours. Now in this 
case the levels which are fcnown are those of tho swamp and of tho tideway, 
and wo have to decide on tho dimensions of tho cliannel, ns well as those of 
tho sluice. Now you know that the discharging capacity of a channel depends 
partly on its breadth and depth, and partly on its surface-slope, so tnat to 
cany a given discharge wo can design a narrow channel with a steep slope or 
a broad channel with a flat slope. So far us tho channel is concerned, the 
former is of course the more economical, hut in tho present case wo have also 
to remomber that a steep slope in tho -channel involves a lower level 
at its tail, ic., just above tho sluice, and a smaller “bead” of discharge 
over tho sluice, which necessitates a bigger sluice. In other words, tho 
steeper wo make the slope, tho cheaper will be tlio channel, and tho dearer will 
bo the sluice ; and wo have to decide which will be the most economical slopo* 
to give the channel. This can only be done by trial in each case, but, as a 
rule, it will probably bo found more eficctivo to design the sluice so ns to 
give rather a flat slopo to tho channel, and thus keep up tho level of tho water 
above tho sluice as high as possible, as this will enablo tho sluice to discharge 
for a greater number of hours dui-ing tho day. Suppose in tho present case we 
decide to allow for a surface-slope of 6 inches por mile in the chnnnol. Tl)e 
dimensions of the channel may bo considered presently, but so far as the sluice 
is concerned we have to notice that the drop of level in the 6 miles from tho 
swamp to tho oluico is 3 feet, so that the level of tho water in tho channel 
inside tho sluice is 4 00 above mean sea level. Suppose, again, wo decide, 
from previous oxpcricnco of similar sluices, that 4 foot depth of water passing 
over tho brcnst-wnll is ns much ns is dcsh-able. Then tho crest of our weir is 
fixed at the level O'OO. 


Fig. (30) represents tho tidal curve, tho abscissre being times and the 
ordinates lUo rcspoclivo elevations of tho tidal surface at those times. Wo 
can now proceed to tho design of the sluice; nnd^ first wo w'ill accept tho third 
approximation as sufficiently acciu-atc. That is, wo wiH assume the discharge 
to occiu' as over a weir, with no vents in froirt of it. Since tho crost of tho 
weir is at O’OO, the discharge wiU bo “free” while the tide level is below 
+ 0*00, that is during the times represented in fig. (30) by E F and K L, This 
corresnonda with the to of equation (78). Wo now have to remomber that, as 
tho tide risas, and hacks up tho discharge over tho weir, tho water at the lower 
end of tho channel udll rise at the same time. Tlic di.schargo will ho gradually 
reduced until the tide rises to nearly the level of the swainp. Tho height at 
which cut-off will actually occur, and tho discharge cense, is uncorfaiu, hut for 
tlio purposes of this calculation we may nssumo tho_ height to ho -f- C-00 and the 
rate of rise may he taken as unifoim. The time ft is thus given by the distances 
FG and HK in fig, (36). Tlio time during which disclinrgo entirely ceases (Q 
is of coin-so GH, while tho tide is above the level O'OO. In section 1V(6) of 
thoso Lectures 1 have shown you how to calculate the actual value of tho ratio 
<j„lqo for a channel and sluice of given dimensions. As a preliminary trial, 
in order to arrive at suitable dimonsiona, vfo may nssumo that value to bo ’ 9 . 
Wo can now obtain the value of l„ from equation (81), since wo have AT = 30 ; 

10.5 V 30 V a 

to =4; tt= 4*0; {JI-S)= 4. Thu 8 ^= ^ 4-^9 j = 36-3 or 


say 37 feet. 

That is, tho weir must be at least 37 feet Avido, and, with a depth of 
4 foot of water passing over it, the waterway ^vill be (4 X 37=) 148 square • 
foot. 'Uhe vents should be designed so as to have at least tliis waterway, and 
it will be amplj’' given by foiu' vonts each 5' wide by 8 ' high, 
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_ Wo can, if so desii-ed, oLtain the other quantities and Thus the 

t«*nlArtf moor* /iicAlin.i'O'A 5^ • ^ ^ 


equivalent mean disoliargo througliout tiie -whole time, is given bv a. 
Mr = 26-89 X 30 X f =605 c. £.\ and g„ the “free’' discha: 
■well’, ivill be given by equation '79) thus — 


= 26'89 
discharge of the 


So = 


350 X 30 X ^ 
4 + *9 X 4'6 


= 968 c. f. s. 


Supposing now we -ndsh to work by the more accurate method whicli we 
liave called the “ second ajiproximation,” we shall have, as before, the level of 
the water above the sluice at + 4'00, and the crest of the weir at + 0 00. 
The level of the floor of the sluice depends on p-aotical considerations 
connected with the natm-e of the site, but it should as a general rule bo at least 
as low as the level of lowest low water in the tideway. Suppose the floor to 
be at — 4-00. Then wo have If = 4 + 4 = 8 feet ; B =4 feet. Now looking 
at equation (76), it is seen that the solution, involves dimensions (i, and l>„) 
which have not been dctomincd. It is therefore nccossaiy to work out the 
design at first by the third approximation, as has been done above, and 
afterwards coirect it, if nocessaiy, by the more accumto methods. Designing 
tlie sluice w-ith the dimensions calculated above, ive have — 

6„ = 37 ; c, = *62 ; i, = 20 ; 6, = 29; c, =-81. 

Wo have to find the value of from equation (70). The indox value for 

f? is ^ = *56, and the value of 0, from Table XIV is 1"203. Hence, from 
equation (70) 

a:, = § = 3-906 

, , /a 1-208 X 16-2 X 12s2 
V6 -02 X 37 X 4 ) 


Now the value for assumed in the third approximation (above) was 
4-00 ; that is 4 feet above the floor, t.c., at the level 4- O-OQ. If wo draw the 
line AB in fig. (30) at the height — -094 instead of + 0-00 and again 


calculate the quantity (4 + — (»)> the difference will be so small as not to 

appreciably affect the result of equation (81). 

Let us see now what difference it -n-ould have made if the error in the 
value of lie} hy the third approximation, had been as much ns 1 foot. That is, 
suppose that dron-ning begins when the tide is at — 1-00 instead of + O’OO. 
Then in fig. (30) drawng the linos A'B', AT', B'K', wo find by measure- 


ment that fe= 3-1, t, = 5-5, and thowalue of ^ i, is 8*05 instead of 8*14 

So 

as it was before. The result of equation (64) will now be 


_8-14 
■" 8-05 


X 36-3 = 30-7 


instead of 36-3. The error is quite inappreciable, and is already covered by 
our selecting the dimension as 37 feet. 

In fact, w-e may ns a rule accept the third approximation as sufficiently 
aecm-ate for the present purpose, though it -would always be ns well to check 
the results by the more exact methods. 

We may now return to the design of the channel. In Section 17(5) of 
these Lectures I have described to you an accurate method of calculating the 
mean discharge of a combined channel and sluice throughout tho whole tide. 
Before, however, that method is employed, wo have to select, as a preliminary 
measure, certain definite dimensions for the channel and sluice, based on 
approximate calculations ; and in selecting the dimensions of tho channel, 
there is an important point to bear in mind, viz., tliat the duty of the channel 
is to “ feed” the sluice ; that is, the capacity of tho channel must be such that 
it shall be capable of conveying towards the sluice whatever quantity the sluice 
is required to discharge. It is of no use designing a sluice to discharge 
1,000 c. f. s. at low watei', if the channel is incapable of carrying more than 
(say) 600 c.f. s.; the sluice can only discharge the water that is brought down 
to it, and if it is not kept fully supplied the rate of discharge must be reduced. 
This w a mistake that is very liable to occur, and should be carefully guarded 
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Bgalnst. In the present example, the maximum discharge of the sluice, 
occmTing at low water, is 968 e.f. s., an^the moan discharge, while .drowning 
is ui' progress, is ('9 X 968=) 871 c. f. s. Now suppose the channel were 
designed so that at its greatest capacity it was only capable of carrying the 
moan discharge of 871, or, still woi'se, the moan discharge during the whole 
time, viz., 605 c f. s., there would he a considerable loss of efficiency, the extent 
of which will perhaps be best shown graphically. 

In fig. (37) me'asure the times as abscisste along OB, and let the gradually 
decreasing “ head ” bo rejnes'ented by the ordinates of the lino AB, and the 
discharges by the ordinates of the curve EDB. Neglect, for the present, 
the favourable effect produced on the discharges by the increased carrying 
cnpacitj' of the channel at increasing depths. Then the total discharge during 
the time that the weir is being “ drowned ” is shown by the area of the curve 

EDBOE, and the mean discharge, being gths of the maximum, is represented 
by the ordinate MD. Now, if the channel can only cany the mean discharge, 
it follows that all higher discharges are prevented, and the total discharge is 
represented by the area CPDBO ; or, in other words, the total discliarge is 
‘reduced by the area EFD. 

TVhen the discharge occurs through a subiuergod sluice, the mean discharge 

2 

is gr’ds of the maximum, and the curwo EDB boconios a parabola, while the 
proportionate reduction of discharge is greater. 

If the favourable effect of the deepening channel is taken into considera- 
tion, the curve of discharges, in the case of a weir, will he somewhat of the 
cliarnctor shown in the diagram given as Appendix X of the example which 
forms Section IX(d) of these Lectures. In this caso the error is less. The 
principle, however, is well exemplified, in any case, that the channel should bo 
capable of carrying the mazimim discharge which the sluice is required to pass. 

Iir the present example the maximum discharge is 968 c. f. s., auct the 
slope is 6' per mile. Using Kutter’s formula with N = 0'025 and side-slopes 
one to one, the required discharge would bo given by a doptli of 8 foot and a 
bed- width of about 51 foot. 

It rvill ho useful to enquire what effect on the discharge of tho sluice is 

S reduced bjp" the velocity of approach in tho cbannol leading to the sluice. Tho 
ischargo, rt will be roniomborod, takes place os over a woii’; and tho “virtual ” 
area of waterway oyer the weir is «?,„ {H — B), that is=*62 x 37 x 4 = 91’70 
square feet. Tho area of waterway in the channel itself is (51 -fS) 8 = 472 

square feet, so that tho index-value for usain Table XVIII Is ^ ^ = ’195 

'and the coiTe'sponding value of 0„ is about 1*02. This small increaso of 2 per 
cent, is in our favour, and wo need not alter tho design, but may accept it 
as- giving a small increaso of efficiency beyond tho calculated result. 
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VIII.-DISCHiRGE OF OPEN CHANNELS .WHEN THE SURFACE IS NOT 

PARALLEL TO THE BED. 


.1 have already mentioned that the cheapest and simplest means of convey- 
ing largo quantities of Avater is to escava te open channels in the ground, along 
which 'the -water flows under the influence of gravity. We now have to 
consider in dptail the capacity of these open channels ; that is, we have to 
find an expression which will inform us what volume of water will flow past a 
given point in a given time, in terms of the breadth, depth, and shape of 
cross-section of the channel, and of its longitudinal inclin ation or “slope and 
Ave also have to take into considei-ation the material of which the bed and 
sides of the channel are composed, as this has an important effect on the 
result, owing to the action of fluid friction. Let us tt^e first the simplest 
possible case, and as you will find it dealt with in your text-books I -will net ‘ 
dwell on it long. I mean tlie case where, looking at a longitudinal section 
of the stream, the surface of the water is parallel to the bed of the canal. ' 
We have here two opposing forces, -viz., (1) the force of gravity acting on the 
Avater, and causing it to virtually along the canal, in the direction of the. 
longitudinal slope ; and (2) the force of fluid friction, which, acting on the 
water in the opposite direction, resists this tendency to fall. When onjce 
“ steady ” motion has become established these two forces are equal and 
opposite. The gravity force, *.c., the weight of the water, has of course to be 
resolved into two components, one of which acts perpendicularly to the bed 
of the canal, and simply causes pressure on it, an e&ct which does not 
concern us at present ; while the other acts parallel to the bed, and this is the 
force which is opposed by fluid friction. In estimating the magnitude of the 
force of friction, we have to be guided by experiments, which have shown that 
the force varies approximately as the extent or area of rubbing surface, and 
as the square of the velocity of flow. You will find^ the details worked out 
in your books, and I will simpljr quote the resiilt, which is ns follow's : — 

q = o)U = ( 0 ^ mi 

where q is the discharge in cubic feet P®^ second ; « is the mean velocity in feet 
per second j m is the area of cross-section of the stream ; m is the hydraulic 
mean depth ; i the sine of the angle which 'the bed of the canal makes with the 
horizontal ; and ^ is the coefficient of friction. 

The formula is used in this form by D’Arcy and Bazin, and the experi- 
ments made by them supply us with values of % applicable to various conditions. 
But die formula is very commonly used in another shape, and it is important 
to recognise the relatiw between the two shapes. Suppose we agree to repre- 
sent the quantity , in the above formula, by a single symbol C. We then 

have 


g = an — <0 C ^nn 
or, II = C 

and in this form it is usually called tlie “ Chezy ** formula. Here we sqe i^hat 
the coefficient of friction S has been abandoned, and the coefficient of vel^itjj C 
used instead. In this latter shape the formula is used by Ganguillet and letter, 
whose exhaustive experiments ha,ve provided us with values of the coefficient 
suitable to almost eA'cry possible case. For convenience, they put the coem- 
cient t7in the form 100c,* and we now see that the cori’espondence between the 
coefficients oifi'kiion and velociiij is as follows: — 


0 =5 100c » 
and conversely S 
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It is important to remember this relation, whenever we wish ta compare 
the results of Bazin's coefficient with thosg of Kutiiar ; or, in other w'ords, when- 
ever the coefficients of /Hcfo'ow have to be compared with oi velocity. In 

Avhat follows it will be necessary to go back to first ininciples, and employ the 
coefficient of friction ?. _ . _ 

, " Another point I have to notice is tliat the formula as generally used con- 
tains the quantity »>, the “hydraulic mean depth.” Now there is no special 
mtue about this quantity in itself, it being simply a convenient abbreviation for 

the quotient ^ please we can ‘use this 

detailed form instead' of the abbreviation ?». The formula tlien becomes 





and I shall have occasion presently to use it in this form. 

I have, in a previous lecture, referred gonerally to the divergence of the 
conditions mot with* in practice froin thoso dealt with in the text-books, and 
there is perhaps no more striking or important instance of this than the case I 
noiv propose to deal with in detail, viz., the flow of water in an open channel 
when the surface of the , stream is not jiarallol to the bed of the channel. One 
vei'y common cause of this want of parallelism is the existence of a weir or 
regulator in a stream. If a stream is flowing in a unifonnly graded canal, 
and its surface is artificially raised at any place by a weir, the depth at the weir 
is increased above the notinal depth for a considerable distance, perhaps for a 
good many miles, and as ^vo proceed upstream from the weir the depth becomes 
less and less, until we • airive at a place ;wh ere it again becomes practically 
lyn-mal, with the surface pavallel to the bod. Theoretically the distance is infinite, 
there being no place above the weir where the stream absolutely regains its 
normal depth,; but wo arc not concerned, from a practical point of view, with 
infinitely small variations of depth, and wp can calculate, from the equations 

1 shall presently give you, at >yhat distance above the weir the depth of the 
stream vai'ics by any given definite amount, howeyor small, from the normal. 
It must bo noted that the profile of tho surface is a curve, and not a straight 
line, tile curve being asymptotic to the straight lino ropresonting the normal 
surface. A similar increase of depth occurs w’bon thei’o is any sort of obstruc- 
tion in tho stream, as for instance a sudden contraction in the u'idth of the 
stream. On tho other hand, when a fall, or suddbn drop, occurs in the bod of a 
stream, the depth is dcci'easod below tho normal, and as we proceed upstream it 
griidually increases until it becomes again .voiy nearly normal, with the surface 
parallel to the bed.. Near the drop, the decrease of depth rcducps the area of 
cross-scction of the stream, and consequently increases tho velocity, as the 
discharge lias to pass through a smaller cross-scction. This increased velocity 
may be so great as to scour avvay tho bod and banks of tho canal, and to prevent 
tliis it, is usual to counteract tho offcot of a fall by placing a weir on its crest, 
which is usually fitted with boards, to enable tJie suifaoe of tho upper reach to 
be regulated to any desired level. 

Variations from surface parallelism are common in drainage schemes. 
Suppose a tract of country is flooded^ to a depth of 10 lor feet, the flood 
level being 60 foot above the sen, mid it is desired to drain it into an outfall, 
whose surface is 30 feet above tho sea, by an open channel 10 miles long. 
Here tho surface slope is fixed for us, amounting to 30 foot in 10 miles, i.o. 2 feet 
per mile, and wo can grade the bod of the channel at that slope. But you will 
see that, as the drainage progresses, and by tho time that tho flood level has boon 
lowered by 10 feet, f.c., to 40 feet aliove tlio sea, the surface slope will ho only' 
10 feet in 10 miles, or half what it was at first. Hero \yo have a bod slope of 

2 feet per mile and a man surface slope of 1 foot per mile (for, as I have just 
pointed out, the surface is a curve, and tho slope is not u^orm) forming a 
marked case of want of surface porallolisin. You will readily see that when wo 
have to deal with tidal outfalls, whoro tho lovol of tho outfall may vary 10 or 
12 foot in a few hours, and never remains at tho same level, this absence of 
parallelism always exists. This problem, of- dotermining the dischargo of a 
stream flowing with steady motion, when the inclination of the surface differs 
from that of tho bed, cun only bo exactly solved by forming Iho equation of 

n2 
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motion in.detail. The curve of the profile of the’ surface is determined by the 
d^ercntial equation of motion, and th^ integration of this equation gives us the 
difi'erence of depth between any two places ; or father, in the form which the 
equation takes, it gives us the distance apart of any two cross-sections of given 
area, when a given disharge is flowing along the canal. This integral 
equation is necessarily complicated, and the only way in which 1 have been 
able to simplify matters is by calculating out tables, enabling you to find at a 
glance, in all cases likely to occur, the value of the very'long and troublesome 
factor which oocui’s in the equation. ^ Yon will notice that I have retained a>, the 
area of cross-section, as the variable, instead of the simple depth, and that.I have 
introduced the quantity SI representing the area of cross-section which wotilil 
give the same discharge i^the surface were' parallel to the bed. 

The differential equation is most conveniently formed in what is known 
as the “Eulerian^’ form, by estimating the changes which the external forces 
produce in the momentum of the fluio^, considered with reference to a definite 
region in space. To do this we have to equate (i) the net rate of inflow of 
momentum into the region (ii)tlie external forces acting on the fluid in the ' 
region, to (iii) the rate of change of momentum in the region, and since the 
motion is “steady” this into of change is soro. 

Fig. ^38) represents a longitudinal section of a portion of the canal, the bed 
being inclined to the horizon at an angle whose sine is *. The axis of x is 
taken ns coinciding with the bed of the channel, and, as drawn, the depth of 
the water is increasing in the direction of motion. 

Consider now the region A B 0 D, of length (fe,.and let a, represent the 
cross-sectional area of the stream at A B, and u its mean velocity past A B. 

Tlien the area of tlie section at 0 D is « -j- ^ and the velocity k + ^ 

The quantitj’ of fluid which enters the region .past the boundary A B ili 

Gl‘ 

unit time is ««, and the rate of inflow of momentum is “ The out- 
flow of ‘momentum past the boundary C D is “wtt® + — so that 

, . ^ . OtH, ' 

the net inflow of momentum is — ‘ 

Next, we have to estimate the value of the external forces acting on the 
fluid, parallel to the bed. They’ are throe in number, viz. — 

(a The component of th'e weight of the fluid, resolved parallel to the bed. 
The value of tliis is clearly -f- Giaidx. 

Then there is the force of fluid friction, which acts in a direction 
opposite to the* motion of the fluid, and is proportional to the rubbing-surface 

G 


(p3x) and the square of the velocity (u-). 


The value of it is — ^ ? pu^dx. 


{o) Lastly, weliave the resultant of the hydrostatic pressm'es on the boundary 
sections A B and C D. Now, if « is the area of the section, y its depth, and 
the depth of the centre of gravity of the section below the surface, the pressure 
on the section is G. yy. a. This is the pressure on A B J and the pressmu on 

C D is — \Gyya) G (.yP a>)elx{ I so that the resultant pressure is 

— ( 7 ^ 0)1 

The canals we have to deal with are mostly of trapezoidal section (see fig, 
39), and it will he found that for a section of this shape, of depth side-slopes 

• e- to 1 , surface breadth and bed«width Jo, the value of 7 y « is (g Jo +3 

« • a,, 

where 0 ) =:y(Jo+ oy). From, this last relation we have ^ =: (Jo + S®" y) 
(l,y+^y*)^= 

_ There is a rather convenient way of representing the value of 7 for 
various sections, which I may mention in passing. Using the symbol to 
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represent the ratio of the difference of the surface and hed -widths to the surface' 


width, i.e., writing/? for and the vftlue of being- g"^^_^ wo can write 




y in the form y = ~- 

l-iiS 


Now clearly in a rectangular section the surface and bed-widths are equal, 
and = Of 80 tliat the arithmetical value of 7 is g, as it obviously should be, 

A table can, if necessary, be constructed giving the values of 7 for various 
values of wliich may vary from 0 in a rectangular sectiou to 1 in a triangular 
section. Cases whore the surface is narvower than the bed are not likely to 
occur in practice. 

Rotm’ning now to the differential equation, we can write it down 
completely, as follows : — 


(g>k=) Ov -f 0 icodji — mfdx ~ dxr=0 

ff dx ^ ‘Zff ^ b dx 


(82) 


Now, if wo write for wits value q being the constant discharge of the 
stream, the equation will be expressed in terms of one variable, viz., m. 
Remarking also that ^ (taw®) = ^ ~ multiplying the 


whole equation by ^ it can bo written in the form 


or as follows 




(83) 


i dx = ^ 


da 


if 


(84) 


2ffi 


7P 


This, then, is the differential equation of a stream when tlie surface is not 
parallel to the bod. Boforo going any further, it may ho interesting to com- 
pare this with tho ordinary expression applying to 0 parallel surface. Tlvo 
comparison, however, will only apply over such a short length of the stroam 
tlmt the surface is approximately a straight line. In fig. (40), let ae represent 
a unit length of the actual surface of tho stroam, and draw ah liorizontal and ad 
parallel to the bod. Tlien tlio surface slope is tho height ic, which we will 

represent by tho letter s, and tho rate of incroaso of depth, viz. is cd. Tho 
bed slope is of course i. We now have, when tho depth is increasing in the 
direction of motion, 


i — s 


^ . 

dx’ 


1 „ 1 
whence - = — 
b dx 


and tho differential equation (84) becomes 

(| ' 


dx 


that is, q- — 


%gs ^ 
2(i—-8)b V 
P 


Now tho ordinary expression, ns wo have scon above, if i.vo substitute s ^h(^ 
surface-slope for i the bed-slope, is 

2gs ft*"* 
ff = i — 

' '• p 
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and comparing these two, we can write our difEerenfial equation in the form 

o* = jP . ' 1 

t 'P 

« TT 1 ^ * ••• >•< {So) 

where F has 'the value ^ 2 (t_a) j 

That is, the tiTie result is obtained by multiplying the approximate result hv 
this factor F. * * j 


As M example, let us take a cose where the value of o in Kutter’s formula 
is '85. Then 

? “ ~ *0089. The value of ^ will not, in most coses, 'differ much from I, 


Hence the value of F is 



(i-B) 


The values of F for a few values of (t — s) are shown below : — 


{i — fi) = (inohea per mile) 

0 

6’ 

12" 

24' 

F= ... ... ...j 

I'OOO 1 

1'0218 

1-0446 

1-0030 


These results, of course, assume the constancy of f and -, which is not 

quite exact j but they are near enough to show that, in a 'bhert length, for small 
slopes, thoro is not much inaccuracy involved in working witli the surface* 
slope. 

A slightly closer result can be obtained by using the mean between the 
surface and bed slope, i e., instead of tbc surface slope. The values of F 

just given must then be multiplied by the quantity . 

When the depth is decreasing in the direction of flow, we shall have 

— {s—i), and the result will be 
<lx 

F=— ^ 


1 + 


2 


'0089 




where s in this case is arithmetically greater than j. 

When we have to deal with conaidemble lengths of canal, so that the pro* 
file of the surface is not approximately a straight line, it becomes necessary to 
integrate the differential equation (84). The variation of i and p, compared 
with that of «, is taken to be so slow "that they can bo treated as mathematical 
constants. 

Kow returning to equation (84) and writing o* for ^ b and for p, the 
equation becomes 

but since we are considering the case where_ the depth increases down stream, 
w is greater than Si, and it will be more consistent to write 
, , to’ — B* da da , n®— a® da 

The integration of this, in general terms, is 


» = A + 


05 ^ 2 * 
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Now (sce/<7. 41) let <»sl>o the area of cross-sectiou just above the weir, where 
the Biirfaoe is raieed, and w, the area of another section distant L feet upstream 
from it. In the case of discharge into an outfall, Wa would bo the section just 
above the outfall, and the section just below the head-pool. Coruparing the 
value of n with the ordinary expression for discharge where the sm'faco is parallel 
to the bed, it is seen that ^2 would bo the area of cross-section far upstream, in 
the part undisturbed by the action of the weir. In a short stream, n may be 
looked on as that section which would result in the discharge j', if the surface 
and bed wore parallel. In the present case i8_ less than ®j, and SI is less 
than either.. Integrating now between the limits 0 and 2^, the equation 
becomes 

vsftan"’ (;73 + ;73 71 ) j] 

For convenience in constructing labour-saving tables, this equation may 
bo written in the following form 

f— — l) 

log^ ^ (3 + 3*464 tan-* ( *57736 + 


(88) 


liL 

a 


®2 

it 


^ 4- 
11 ^ 


li'-w) 


0 - *) 


1 -ism ^) ! - 1 a) 

No'w, replacing the quantity ^ by its original value |*. p and denoting the 
long term in brackets by the symbol the equation becomes 

hiL _ “2 _ ^ 4. 1 (1 - ... ... (90) 

The value of F, can bo obtained from Table XX, ^ , 

Next in the case whore tlio depth of the stream is docreasing in the 
direction oi motion, tlio form of tho oquation, in general terms, is unchanged, 
but (see /iff- 42) w, is greater than <»t and the integration is taken, as before, 

from <oi to w.. BO that the value of the j term is — (^ — t.t; y — j. Thus 

the equation becomes 

. r , Sl^-O' (Totr (^-“2)* *>1” ) 4- 


tfn _ 2 


... (89) 


V3 j t«»- (;^ + 3 S') - Ua + n)| 


As before, this may bo written in tho form 


... (91) 


ii C , w, ®>a _ 1^/1 

~n' SI SI « \ SI7 


A _ ^ 

log, 7 ^ + 3-.164 tan (*57730 -j- 

('-g) ' 


\ ( (1 !_ 

1*15472 g) r- hog , |- - .l!j, + Ian"* (*67736 + 1*15472 


... ( 92 ) . 
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• ' 

Using the factor to represent this long term in brackets, the result 
can be expressed as follows • 



where the value of is obtained from Table XXI, 

This is the result, and you will see that it has worked out in a very incon- 
venient form. In most cases wo are given the distance apprt L of the two 
sections «, and ©a , and the levels of the surface at those sections, the imknown 
quantity which we have to determine being either the depth and breadth of the 
cqnni or the discharge q. This necessitates the use of trial methods whiolr are 
tedious, oven with the md of these labour-sat’ing tables ; while without them the 
calculations would occupy an almost prohibitively long time. Probably the 
shortest way, iif most cases, would be to assume, as a first trial value, the result 
obtained from the use of s, the mean surface slope, in the ordinary formula, and 
then correct the result by means of these equations. There are two points 
about the equations which must bo bonio in mind, to ensure their successful 
application. The fir-st point is the variation in the quantities inndjr, which 
have been treated as mathematical constants. ^ You will see from the examples 
I propose to give you that the variation is, in most practical cases, very email, 
and the orithmotacal moan value may safely bo used without sensible erTor. 
What has to be considered is the variation of 1 and p betwe(Jn the lindts and 
jBj. The variation of ca„ or.wj from does not, it should bo noticed, afiect the 
result; it is only the variatioir betucon e#, and oyer which the limits of 
iirtcgration are taken, which concerns us. The second point is the variation of 
5 the coefficient of friction. Tho value of this is computed from Kutter’s 
coefficient of velocity, in the way I showed vou above, and tho latter coefficient 
must he obtained by reference to sonro of tho n»any published tables on the 
subject. The best known are Jackson’s tables, and’ Mr. Odling has also drawn 
mr a convenient set, but tho range they cover is rather limited. Sir Thomas 
Higham has also published some, and there arc others. You ■will find fr-om the 
examples that a small error in ^ makes a very small diffcrcrrcc indeed in the 
result, so that no scnslblo error is likely to uriso from this cause. * 

jSx&mple 1 : — 

As an example lot us take tiro case of a carral whoso .bed-width is 100 feet, 
side-slopes I to 1, bed-slopes *1 per 1,000, or very nearly C inches per mile; and 
longtii 4 miles. The depth of water at the head is 7 feet and at tiro tail 
3 feet; find the discharge. 

Now in this case wo are not given tho value of q, so tho value of 5 cannot 
bo exactly dotorniinod, and we must work with an approximate value of 5, 
derived from some assumed value of q. This cun bo treated us a trial value, 
and the results can bo corrected, if necessary, after wo have fomrd .the value 
of q. 

Now we see that the depth is increasing ns 'Wc proceed up-stream, and that 
tho normal depth, whore the surface is parollol to the bed, would be greater 
than 7', the depth at tho head of the canal. Lot us ns.sumo, for tho purpose of 
calculating ft the normal depth to bo 8 feot. Now from Jackson’s Tables 
(pp. 292 — 293) wo' find that, with these data, the value of q is 1,967 and of C 

is *858. The value of f is thcreforo that is, •0D87478. We now have 


22 _ 2 X *0001 
T“ *0087478 


•022803. 


Next, as regards the values of h and p, the surface width at a depth of 
7 feet is 114 feet and at a depth of 3 feet b is 106 feet. The variation is 
small, and the mean value 110 feet may be taken. Tho value oip is I19’8 feot 
at the head and 108'5 feet at tho tail. Wo carr take tho mean value 114 feet. 

Thus the factor ^ ^1 — ^ ^ ^ in equation (76) becomes i (1 — ’022061), that 

•is, *16299, You will notice v/hat very little difference the value of K makes 
in the result. 
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The values of ajj and (o^ are 749 and 309 respectively and the equation 
(76) becomes 

110 X -0001 X 4 X 6280 . 749 309 „ 

n IT ~’ 7 r~ 


which may be written as follows : — 
, = -16299 F^\ or 




4123 

,f2 


where F^ depends on the values of ^ and We have to select trial values 

li mZ 

of Si until we find one to satisfy tliis equation. 

First, try the value Si = 800. Then we have 

^ = *93626 ; ^ = *38625 ; and from Table XXI the value of J’g is found 
as follows: — 

Corresponding with the value ^ = -40, we have when ^ is -93, Ft is 
6 6479; and when ^ is *95, Ft is G‘3625; hence, by proportional parts, when 


^ is *936, Ft is 5'8623, j&gain,^ corresponding with the value ^ = *35, wo 
have when ^ is -93, Ft is 5*9640; and when ^ is *95, Ft is 6*6792; hence by 
proportional parts when ^ is *936, Ft is 6*1790. 

iX 

We now have, for the value = -936, Ft is 6*8623 when ^ is ‘40 and 

XX sx 

6*1790 when ^ is *35. 


Hence by proportional parts, for the value — = *386 we have Fs=6*0510. 

mX 

The trial equation now becomes 
Ft = 6*0510 = gQQ := 5*1538. 

Those two values arc inconsistent, so a fresh trial must be made 
Next try S2 = 1000 ; 

Thon wo have ^ = *749 and — = *309 or very nearly *76 and *31 
respectively. 

The value of F. from Table XXI is thus 3*2648 and the equation becomes — 
Fs = 3*2648 = ^=4*123 
This is also inconsistent. 


Next try — = '85 so that — 

" = ^ J ^ 

now Ft - 4*2677 

and the equation is 4*2677 = = 4*680 

Again try J‘ = *80; J = *33 

7^0 

Then /2 = -^^ = 932 and Ft = 3*703 

and the equation is 3*703 = = 4*4237. 

Again try = *86; ^ = *355 
= 4*4200; =^ = 871 
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The equation is 4*4200 = = 4*74 

Again try ^‘ = ’90; ^ = ‘372 
749 

J?L = 5*0484; /2 = :^ = 832 

The equation is 5*0484 = -g^ — 4*9555 
Again try ^ 

749 

Then = 4*8962 ; « = = 842 

The equation is ‘i‘69G2 = = 4*8901. 

This is very nearly exact. 

The above results may be tabulated as follows: — 


n 

Fs 

4123 

n 

1 

932 

3*703 

4*4237 

881 

4*2(577 

4*0800 

871 

4*4200 

4*7400 

842 1 

4-89G2 

4*8991 

832 

S'0481 

4*9550 


It is seen that the coiTCot value is =s 842. 

The value of SI being 842 square feet, the dcpUi of the canal is 7*81 
feet. In calculating a value for ? wo assumed the depth to bo 8 feet; and 
this small difference will not affect the result, so far as the value of ( is 
concerned; no correction is thoreforo required. 

We con now find the voluo of g by referenco to Jackson’s TnUcs. Its 
value is that corresponding with a depth of 7*81 feet and a bed slope of *1 
per 1,000. The value is, using proportional parts, 1,885 c.f.s. 

Ikample S : — 

A canal has a bed-width of 50 foci, sido slopes of 1 to 1 , a longitudinal 
slope of *2 per 1,000, and is discharging 1,370 c.f.s. At a certain place a 
fall in the bed occurs, wliioli passes tho discharge with a depth of 2 feet. 
What will ho tho depth at a place 1,000 foot upstream of the fall ? 

By reforenco to Jackson’s Tables (pngo 283), wo find that the “normal” 
depth of the canal, when the sminco is porallol to the bed, is 8 feet, and the 

value of O' is *826. Hence ?= and 2x^2 x (82*0)*'= *042378. 

Next, the value of - at a depth of 2 foot is = *97024 and at a depth 

P C&*C56 


of 8 feet it is = ’90878. Tho factor thus Kes somewhere 

\ % p/ 

between *95888 and *90148. It will bo near enough to take it ns *900. 

The remaining quantities are as follows: — 

■0! = 464 ; 5 (say) GO ; Wj = 104 


61x^130292 =«=. 0,5802 


And the equation is — 


025862 + g - *22414 ~ ^ P, 


Which may be written ^ — *16 *1983 
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First iijy ^ = ‘40. Then, for the value ^ = ‘224, ■we have from 
Table XXI, F*=V091 

i and the loft hand Side of the equation becomes = ’dO—'lG X l'09l 
L = *225 

2 1 Next try ^ = *35. Then JFg = *7746 

( and wo have "SS — 'IG X *7746 = *226 

g ) Next try = *50. Then R = 1-7462 

\ and *50 — *16 X 1*746 = •2206 

^ I Next try ^ = "SO. Then Fjs 4-3485 . 

and *80 — -16 X 4-3485 = *10424 

Next try = *60. Then = 2*4671 

and *60— *16 X 2*4671 = *2053 

Next try ^ = *65. Then = 2*8656 

( and *65 — *16 X 2*8650 = *1915 

By proportional parts between the values of ^ *60 and *65 

when the result is *1983, then 

* • 

J = *625 and Jl = 2*6663. 


1< 


we 


have, 


From this value of ^ wo have w, = *625 X 464 = 290 square feet, and 

the depth is 6*25 feet. This is the answer required. 

From a practical point of view it should bo noticed that, unless this 
canal is excavated in rock, the design is unsuitable, lor the velocity at the 
1370 

fall will bo 13*07 feet per second; and at 1,000 feet from the fall it 

1370 

will be -g-g-Q s= 4*73 feet per second ; velocities far too liigh for an earthen 
canal. 

Example S : — 

It will often be found oonvonient to plot tho whole section of the stream, 
by selecting successive convenient values of and calculating tho resulting 


values of L. Any desired intermediate values of can bo measured by scale 

from tho surface-curve thus determined. 

Suppose tho . bed-width to bo 100 feet, sido-slopos 1 to 1, longitudinal 
bed'Slope *1 per 1,000, and dischargo' 1,885 c.f.s. Suppose at tho tail tho water 
is backed up to a depth of 14*7 foot by a weir. As in example 1, we find 
from Jackson’s Tables that tho depth corresponding with a discharge of 
1,885 c.f.s. is 7*81 feet, implying a cross sectional area of /2 = 842 square 

feet. The^valuo of is (114*7 X 14*7 = ) 1686, and tho value of ~ is almost 

exactly 2*00. 

The mean value of b is =:*^ 122*5 and tho moan value 


of p is ^ 132, so that tho moan value of is = *02804. 

The value of ^ is tho same as in example 1, vix., ’022863; and tho value 

of tho factorial ~ I’ p is thusj (1 — *022863 X *9*2804), that is, *163986. 
Equation (73) now becomes — 


That is, L = 68734 (2*00 -- ^i|+ *164 f) 
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The values of F, obtained by reference to Table XX, arc asfollowB 


^ _ 1-01 1-05 I’W 

a 


1.20 leo I 1**0 VBO 1 I'OO 1-70 1-80 140 


^ 

!<• «« 

— .« ! -”l *”l ”* ""I '‘“I 

,„d by calculation the io Uoning vnluoa rf 1- “tb ohtainca- ^ 

la- I ■ «! ■■.n| « a| ■.«» ■■n.-l ^ cmI a»( an, 

wn| o»«| W” «=.»■■ I ”■”’1 "'"I ” 
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Tablc XX. 

Tabic sbo'n'ing values of the factor i^i, 
where = [{A + - {L^ + Tj}] 

and i, = log. I ^ -3 [ ; L. — log, 

» 

• Ty = 3-161 tan-» ( '57736 + 1-15472 ^‘) ; T, = 3-464 tair’ ( -67736 + M5472 

Applicable to a s'ream whose depth is increning in the direction of flow, and consequently 
where wj > a, > ^ ^ ^ 
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8«00 hOOQ 

1*QS31 1-1053 

Q-OO a*00 1D‘0D 

1*1331 Mm 1*1363 


lO-OO j 

t'4163 I 

lO'OO I 

l'«SS I 

1000 
1-5506 
10-00 
1-C037 
lO-CO 
1-€(140 
10-00 
1-7270 

0- QO 10-00 

1- 7768 1-7W7 

0- CO 0-00 10-00 

1- 5U4 X*flT7 I'fiMfl 

G'OO 0-00 D'OO lO'OO 

1-S507 1'5578 l-m\ 1-PlU 

C-CQ 0-00 O'OO I0>00 

1-6331 1-5703 S>00(t5 E-OSSl 

0-00 O'OO 0-00 10-00 

S.0S17 a.0S34 S-D651 "-1120 | 

4- 00 D-00 0-00 0-00 lO-CO 

5- (y}05 S'1178 0-1S18 Q-1512 8*2051 

?-00 4-00 G-00 0-00 0*C0 10-00 

S-OOtO 8'tfiiS S-8SZ8 8-2550 8*8062 8-&131 
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Table XXL 

Table showing values of the factor Fj, 

•where Ft=: + + 

— A = log, 

and 

1\ - 3*46i tan-'(-57r36 + M5472^) ; f, = 3-464 ton"' ( -57736 + 1-15472^) 
Applicable to a stream whose depth is dccnatit^ tn the direction of flow, where /I > w, > ». 
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IX -EXAMPLES OF DRAINAGE SCHEMES. 

In my last lecture I propose to stow you some examples of actual drain- 
age'Bchemes 'which have come before me in the course of business, and which 
embody principles that have to be frequently used in making calculations for 
such schemes, but cannot be very conveniently expressed in a general form. 


IX (a).-DRAINAGE OF THE ARGOWAL CIRCUIT. 

The Ai’gowal Circuit (see plan after page 74) is the name given to an 
embankment in the Midnapore district, which was originally constructed a very 
long time ago for the protection of certain lands subjected to floods from the 
Bagda river and the Sadar Khal, or Etabaria Khal, ns well as from the floods 
which sweep over the country from certain rivers farther inland. The embank- 
ment is continuous, and forms a complete ring-bund round the interior lands 
with the intention of completely excluding the flood-water. The effect has^ 
however, been such as was certainly not anticipated by the people who made the 
embankment. The rivers hero are very heavily charged with silt, and as the 
river-water has been completely excluded from the lands inside the circuit, those 
lands have received no deposit of silt, and consequently have remained at their 
original levels. Not so the lands outside the circuit, along the margins of tlie 
rivers. These lands lands ns they aro called) have, day bj' da}', and year 

by year, been receiving deposits of silt from the rivers, until thoj^ have, in pro- 
cess of time, been raised to a level very much higher than the lands inside the 
circuit. The natural process of land formation, which I have described before, 
has, in this case, been artificially prevented from taking place inside the 
embankment, and the interior lands have been left unraised. Tlio evil effects 
of this are seen when high floods occur in the rivers, Before the embankment 
was made, the water used to spread over the country, without doing much 
harm. This cannot occur now, for a double reason ; first, the CMstence 
of the embankment shuts out a groat deal of waterway from tho flood-spill, and 
thus throws a greater quantity of water into tho river bed j and secondly, the 
capacity of the river bed itsefi is decreased largely by the silted-up high lands 
along the margins, and it can no longer cany off the volume of water thrown 
into it. These causes, acting together’, causo. the flood-waler to rise to a 
height sufficient .to overtop and breach the embankment, and then the flood 
enters the low lands with a rush, devastating the land and flooding tho home- 
steads. The condition of these lands has been receiving the attention of 
the Bengal Government for many years post, and many pi^oposnls have been 
made for improving their condition, the principal one being to remove 

f )ortions of the embankment, anil admit tho river-woter freely to. the interior 
ands, which, it was thought, would-thus hccomo gradually raised by deposits 
of silt to a height sufiicient to admit of their being successfully drained and 
cultivated. 1 cannot hei'e enter into the reasons for and against this proposal. 
The whole question was exhaustively considei’cd in the year 1000, and the 
proposal was negatived, mainly on account of the great length of time that 
would be required to carry it out, and the smallness of tho advantages that 
would result when the opei'ations were completed. The conclusion aiTived at 
was that the most-advantageous course would be to drain tho circuit. Estimates 
were accordingly colled for and prepared, and I -will now explain the principles 
followed in designing tho necessary works. 

The works consist mainly of a drainage channel 7i miles long, aligned as 
shown in the plan, and discharging into tho tidal waters of the Bagda rivea*. 

At the outfall a sluice is necessary to exclude the tidal waters when the 
level of the tideway rises above the level of tho water in the channel. Besides 
these, some minor works are -necessary, in the shape of small drainage channels 
to lead t he w ater into the main channel ; and an existing khal has to bo cleared 
of silt. "What ■we are here concerned with is the waterway required for the sluice 
and the dimensions of the main channel. 
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Tho first essential point in this as in all other cases is the determination of- 
ihe levels, i.c., the ground Icyols of the lands to bo drained, the existing flood 
level on those lands, and the flood level which we wish to maintain when tho 
works arc constructed. Equally important aro the levels at the outfall, which 
were deterniinod hy a series of tidal obsoiwations, from which the average levels 
of high and low water were determined, I will now quote from my" note, 
written when tho project came before mo for revision. 

" The ruling conditions aro (1) tho rate of flow-off to be provided for, 
(2) the level of low-water in the river, (3) tho natoo of the tide-curves, and (4) 
tho maximum flood level to be allowed in the circuit. It has been decided to 
allow a flow-off of inch depth of rainfall over the aroo in 24 hours, with which 
I agree. As regards (2) and (d) tlio data given appear to bo correct. As regards 
(4) some care is required, Mr. Horn in his preliminary rough estimate took 
112 00 as the flood level in tho circuit. In tho present estimate, prepared after 
the survey had been completed, tho flood level in tho circuit is taken ns 
110'30,* *.e., tho sluice is considered to cease acting v/hon tho tide rises above 
1 10*30. In the detailed plans, the level 110*30 is shown ns obtaining at milo 4^, 

2;^- milos from tho sluice. I cannot quite make out whot surface fall is 
reckoned on from 0 to 4-^? miles. From 4^ miles to tho sluice tho surface-fall 
is taken as fl inches per milo, and (ho isd-levol of tho channel is graded at a 
uniform slope of that amount from tho sluico up to tho head. Tliis would 
imply a surfaco-levcl, at tho head of the cut, ot (110*30-f 4^X'5=) 11*2*55, 
whicii 1 do not think is intended. It is, I think, meant to bo implied that the 
sui face fall inside tho circuit will bo “eased” by a good deal of tlio discharge 
flowing over tho low ground itself, and not entirely along tho cimnnol. In this 
principle I quite concur. I propose, therefore, to aos'gn the channel from 0 to 
4-t milos on the basis of a surface slope of 6 inches per mile, but to assume that 
the actual difference of lovel between 0 and 4^- njilos will be that duo to a 
.surface slope of 4 inches per mile. Tho fall fioin 4^ miles to the sluice must- 
bo taken ns equivalent to tho actual^ slope of 0 inches por mile. This ruling 
gradient (6 inches por mile) is, 1 think, quite suitable, ns anything less would 
involve a rory wide clmnucl, wJiiio a gre-ator slope with narrower channel would 
unduly reduce the head over the sluice, or unduly pond up tho water in the 
remote parts of the circuit. Tlio actual suifuco levels may, then, be taken as 
follows: — 

At head nf dr.rinago cut, i,/,, nl milo 0 ... ... 111*80 

At -li milos '... ... .... 110*30 

Ateluico ... ... ... ... ... 108*63 

and tho widths of tho channel may ho calculated on a uniform slope of 6 inches 
per mile.” 

We now come to tho design of tho sluico. First it has to bo noted timt 
tho soflifs of the arches of tiio vents are designed at tho level 107*30, while 
tho level of low water is 107*40, so that tho discharge is that of a coinplotely 
submerged sluico. Next, avo must notice that tiio surface-Iovcl iii the channel, 
iinmcclintely inside tho sluice, is gh’en as 108*08. This, liOAvever, refers to the 
level at low water ; uiid wo have to remember that, ns tho Jovol of the 
tide-way rises, the* surfnco-levol in the channel will also rise, though at 
a ratlior sIoavoi* rate. Tho flood level in tho cii'ciiit at 2-J miles from the 
sluico is ll0*-30, and it may bo taken that tho surface of tho chnniml close 
to tho sluice avIH rise until it reaches tho hoiglit 110*30, at AA'hich point the 
tide-^voy will rise nbovo tho channel-level, and discharge Avill cease. It Avill, 

I think, give quite a sufficient degree of accuracy to assuinot that tin's rcdiie- 
tion of licad Avill occur at a nniform rate; so that avo aro confronted Avitli 
tho case I have dealt Avilli before, that of a complotoly-submorgod sluice, 
Avhp.re tho maximum head Avhich occurs at Ioav AA'ntcr is gradually reduced, at 
a uniform rate, by tlio rising tide, until it is completely oxtiiiguishod. Now, 
looking at the levels given above, avo see that tho channel is graded so as to 
give a surfacc-lovol of 108*08 at Ioav water, Avhilo tlio Ioav Avator level of the 
tido-wny is 1 07*40, giving a worldng maximum head of 1*28 foot. Thus tho 


•Th-so lorels ari> roferitd to « dnttiin 100 tent below inpuii sea lovel. 

t TItohrourair ot Ibb atsi'Di|.lion clioiild be tested by ibe laeibod Dxpl&ivcd in Section IV(b)ot 
ihvfic Leoturci, ' 


1 . 
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time occupied in extinguialiing the head will be the time taken by the tide in 
rising from the level 107’40 to the level 110*30, which we can obtain from the 
tido-cuiTo. If you refer to equation (30) and Table IX of these Lectures, 
you will sec that the mean discharge, during the 'time the head is being 
extinguished, is |rd8 of the maximum head, occurring at low water. 

Quoting again from my note; “now, coming to the tide-curves, the shape 
as drawn seems a little unusual, but if there is an error in this respect, it is on 
the safe side. The averge time during which the sluice will be closed, owing 
to the tide -standing above' the level 110*30, is shown bjr these curves to be 6f 
hours out of the 24, but 1 think it would be safer to take it that the sluice will 
work only 16 hours out of the 24, that is, for two-thirds of the time, especially 
as floods might occur at 'an unfavourable state of the tide. In the 24-Par- 
ganas wo usually get sluices to work only 13 or 14 hours, and in the Jlagra 
H^t drainage scheme the time allowed was only 12 hours. Thus 36 hours is, 

1 think, as much as should be relied on. The mean discharge for 16 hours will 
then bo ly,, where is the discharge at low water. 

“ The drainage area is 27 square miles, and a flow off of | inch per 24 Jiours 
over this area is equivalent to a oonlinuous discharge of X 27 X 27=) 547 c.f.6. 
lasting for 24 hours, which is equivalent to a mean discharge of (| X 647=) 
820 o.f.s. lasting for 16 hours. The required low-water discharge is now 
given by the equation |ji, == 820; that is, 3’,= 1,230 c.f.s.” 

The dimensions of the channel can now be fixed. The daia given above 
are as follows; surface slope 6 inches per mile ; depth 6*68 feet (since the bed- 
level is designed at 102*00 and the surface, as we -have seen, is dt the level 
108*68) ; discharge 1,230 c.f.s. From Mr. Odling’s tables it is seen that a bed- 
width of 88 feet will just suffice; and it will be better to make it 90 feet, 

In calculating the water-way required for the sluice, we may take into 
account the effect of velocity of approach, involving the (juantiiy -0, the area of 
cross-section of the approach-channm. With the dimensions just determined, 
the area wfll be [>,90 -f 6*68) 6*68 =] 648 square feet. ^ The expression for the 
discharg'e of the sluice, involving velocity of approach, given as equation (62) of 
these Lectures, may be written in the form 

c v/2p(/j + 

the values of the quantities in this case being as follows : — 

q = 1,230 ; c-v/ 2 g = 6 ; ^ = 1*28 ; S2 = 648 

and the resulting value of a is 177 square feet. The sluice is designed with six 
vents, each having 31*37 square feet of watemay, which gives a total' of 188*22 
square feet, which is slightly more than sufficient. 

As rcgni'ds the widths of the upper poHions of the channel, the full dis- 
charge will only he carried by the lower portion, and the volume of drainage 
in the upper parts will be le8>». Besides, it is not necessary that the -upper 
portions should be capable of carrying the maximum discharge at low water, on 
account of the reservoir-like action in the channel itself and in the low lands of 
the circuit, which will absorb a certain proportion of the flow-off when the 
levels rise at the sluice. The channel, as revised by me, is designed with a 
hed-width of 20 feet at the head (mile 0), gradually . increasing to 90 feet 
at mile 4^, and remaining at 90 feet from 4^ n^iles to the sluice. 
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IKW-OHALLAN BHIL DRAINAGE SCHEME. 

The Challan Bhil is the name given to a very large swamp, or rather ' 
collection of swamps, in the districts of Eejshahi and Pahna. - The area -under 
water is about 421 square miles in the rains, docreasing, as the water dries up, 
to about 150 square miles in November, and 50 in April and May. The lowest 
parts of the l>M\s never dry up througout the year. Much of the laud is waste, 
and the greater part of the remainder is cultivated with a special description 
of rice, which grows in the water, keeping pace with the mcroasing depth. 
Some portions are cultivated ivith horo, a^hot-weathor crop. The Ihil is 
traversed by several rivers, the water in which is, in the flood season, laden with 
silt ^d sand, in consequence of which the river beds have silted up to a large 
extent, and they are no longer able, as they once were, to serve the- purpose 
of draining the hhih after the flood season is over. These rivers, after 
traversing the 57«7, ultimately dischai'ge into the Burral river, near Noornagar, 
which is there of sufficient section to serve as an efficient drainage outlet. It is 
now proposed, in order to drain the i/nVs, to excavate n drainage-cut from the 
centre of tho IMl to Noornagar. A regulator has to bo provided at its head, 
to exclude silt and prevent the channel from deteriorating, ns the rivers have 
done. The circumstances aie as follows: — Tho which have to be drained 

constitute, in effect, a large reservoir, which receives the discharge brought 
down by tho rivers. During flood time the levels rise, tho rivers overflow 
'their banksj and tho water accumulates in this reservoir until the level is raised 
sufficiently high to enable the silted-up beds of the rivers to carry off a volume 
equal to that entering. As the volume brought in by the rivers decreases, the 
levels fall, the depth in tho old river beds decreases, and they become less and 
less efficient as drainage outlets. At tho low levels necessary to ^-aiu the hhils 
the rivers would bo quite unable to cany off tho volume entering, os there 
would bo little, if any, depth of water on their beds. Henco the drainage-cut, 
which it is proposed to make, must servo as a bye-pass for the incoming volume 
in addition to its legitimate duty of lowering the level of tho Ihils. 

Now it will bo found that tho discharge necessary to pass tho incoming 
volume is much greater than tho discharge required to drain the bhils in a 
reasonable time, so that the size of tho channel must depend very largely on the 
former volume, and it is very important to determine it correctly. What is 
required is a knowledge of the disohargo brought in by the rivers, on each day 
during the time that drainage is in progress. Unfortunately in this case the 
observations were incomplete. The discharge at the beginning of drainage (on 
tho 1st- November) was determined approximately, but there was very liltle 
information as to the rate at which tho discharge decreased ; and, as might 
of course bo expected, the discharge of the rivers falls rapidly during tho months 
of November, December and January. I have been obliged, therefore, to 
proceed largely on assumption, and 1 have drawn up tho statement I annexed 
showing, according to tho best information available, what the incoming 
discharge may bo expected to be, on various dates. 

Next, wo have to deal with tho discharge necessary to drain the bhiU. 
That is, in this case, wo have to find out by wlint amount the surface of the 
bldls will bo lowered in a given time, by a given discharge. Now this of 
course depends directly on the area of the b/iils at various levels. An accxu'ate 
knowledge of these areas would involve running contom'S, at close intervals, all 
over the 5/«7s, which for many reasons could not bo done. Wo know, how- 
ever, that tho area of tbo bMs varies from 150 square miles on the 1st Novem- 
ber to 50 square miles in March, and tho levels winch have been taken enable 
us to see at what level these areas hold good. Wo also know the love! of the 
lowest part of tho b/ii/, whon the aroa to bo drained is gero. The areas nt inter- 
mediate levels arc filled in proportionally, and you will find them in column 6 
of statement II. One thing more about theso areas. You will see in statement 
II that the area of 150 square miles occurs whon the level of the surface of tho 
drainage-channel is 92'60. As a matter of fact, tlie b/n/s measure 150 square 
miles in aroa when tho level at tho margin is 94*00. I have, however, allowed 

L 2 
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for a fall, or slope, of l^ feet from the margin of the IMl to the channel? to 
allow the water to drain into the channel, bo that when the channel-surface 
stands at 92*50 it is actually draining an area of 150 square miles. The level 
of the Mik, when they measure 50 square miles, is actually 92-00, but I have 
allowed a slope of 1 foot in this case, so that this area corresponds -with a 
channell-level of 91*00. 

In making the calculations, we have to select the dimensions of our 
channel, such as we think will be likely to be suitable, and ‘ then to calculate 
the -time it will take to drain out the hhila. Drainage will begin about the 
beginning of November, when the levels fall low enough, and must be completed 
in time to allow the land to he cultivated and the crops sown. It is believed 
that if the swamps are diy by the end of Eebruary, these requirements -will be 
met. It would be better to dry them rather earlier, hut this would involve 
greater expense ; and it has to bo remembered that the higher poi-tions of 
the swamps -will be dry considerably earlier than the very lowest portion, 
which is really only a very small proportion of the whole area. 'We have to 
note further that, although the beds of the old rivers are too siJied to he of 
any use as drainage channels at low levels, they will assist the drainage 
channel by carrying oS a certain amount of discharge at the beginning of drain- 
age, when the levels are high. IVe have,' again, no daft* to show what tlie 
extent of this assistance will he, but I have assumed certain figures, wbicb 
seem probable, and which you will find in column 4 of statement II. Before 
beginning the actual calculation, it only remains to draw up a table of discharge 
of the drainage channel, i.e., a table lowing what the discharge will be at 
various depths. In column 3 of statement JI you will find the discharges 
corresponding with the depths shown in column 2, which occur when the surface 
stands at the levels shown in coloumn 1. 'i'ho dimensions selected are 
as follows; longitudinal slope *44 feet per mile, t.c., *083 per 1000; bed-width 
100 feet; and side slopes, as usual, 1 to 1. 

"We can now proceed with the calculations. As the conditions (discharges 
of rivers and channel, and area of IMk) are continually changing, it is neces- 
sary to divide the peiiod of drainage into small intervals, during each of 
which the conditions may ho assumed constant. Periods of five days each 
wilt ^ve quite sufficiently accurate results. Looking at statement III, in the 
top line, write down in column 1 the level of the surface of the channel when 
drainage begins, viz., 92*50. From statement II wo see that, at this level, 
the discharge of the drainage channel is 4,273 c.f.B. and the discharge 
carried off by the rivers is 1,000 c.f.s. Entering these figures in columns 
2 and 3, the total outgoing discharge Centered in column 4) is 5,273 c.f.s. 
Now the in-coming discharge brought in by the rivers is 14,000 c,f.8. on 
the Isfc November, and it is obvious that no drainage can begin until this 
in-coming discliargo falls below 5,273 c.f.s., say, to 5,000 c.f.s. Statement I 
shows that this will occur about the 27th December ; hut this date is a little 
uncertain, owing to the imperfect nature of the efnfa, and in any case will vary 
slightly eveiy year. Wo calculate, then, our time of drainage froin the date 
on which the in-coming discharge falls to 5,000 o.f.B. Entering this figure 
in column 5, and substracting it from the figure in column 4, we have a balance 
(column 6) of 273 c.f s., which is the excess of the out-going over the in-coming 
discharge, and consequently represents the discharge available for gaining 
out tlie water accumulated in the iMs. Now a discharge of 27 c.f.s. will lower 
1 square mile by 1 inch in one day, so that the rate of lowering per day of 

SI square miles by q c.f. a. ia given by the formula r inches = that is, 

divide the discharge in column 6 by 27 times the area in column 7, The^ result 
m shown in column 8 in inches, and the lowering in five days is shown in feet' 
in column 9. The figure in this lino is *028, so that at the end of five 
days the surface of the channel (assuming the channel to fall conourrently 
■with the JAtiJ will be (92*50— *028=) 92*472, as shown in column 10. _ For- 
the second period of five days, enter the surface level 92*47 in column J, in the 
second line, and from column 3 of statement 2 obtain by proportional parts' 
the discharge of the channel, viz., 4,257, and enter it in column 2. In column 3 
18 shown the discharge carried off by the rivers, obtained by proportional ■ parts 
from column 4 of statemeuat II, viz., 986 c.f.s. The sum of these two, viz.', - 
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6,tiZ c.f.s , is sliown in column 4 aa the total out-going volume. The in-coming 
discharge, by proportional parts from statement 1, is shown in column 5, and the 
balance available for draining the hMl is given in column 6 as 743 c.f.s. The 
area of the at the level 92‘47 is found from column 5 of statement II to be 
14*8 square miles and the depth run off in five days is found as before, and 
shown in column 9 as '08 feet. Thus the level of the channel at the end of the 
second period of five days is (92'47— *08=) 92'39, as shown in column 10 of 
statement III. I need not go through the whole of the calculations, which are 
made in exactly the some way, with the results shown in statement III. It will 
be seen that to drain the Mils to a level of 86*14 will occupy seventeen periods 
of five days, i.c., 85 days in all. No allowance has been made for evaporation, 
BO that practically the time would be somewhat shorter, unless there was any 
rainfall. If drainage began on the 27th December it would, on this calculation, 
be Completed by the beginning of March, and the greater part of the hhils 
would be dry much earlier. 
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IX (c).-CHOROIKUL SWAMP. 

This swamp is situated near Kumarkbali, in the Kusbtia subdivision o£ 
the Nadia distiict, and is probably one of those low-places which escaped the 
action of land-raising carried on by the rivers, and has now been left at a 
permanently low level,. It is, in any case, a permanent swamp, where crops 
cannot be grown, and it is desirei to drain it put, so as to enable it to be 
brought under cultivation. It is not required to cdnsti'uct drainage 'works to 
carry off the water that inundates the land during the rainy season. That is 
accepted'as a necessary evil, or at least as one whose remedy is beyond the 
financial resources of the district. All that it is proposed to do is to drain out 
the swamp after the rains are over, so as to enable the cultivators to sow winter 
crops on the higher lands, and “ boro/* rice on the lower lands, later in the 
year. 

The swamp is situated near the Q-orai river, and it is proposed to excavate 
a drainage cut leading into that river. Close to the sWamp runs a ' line of 
railway, in which there is a bridge with a span of 14‘25 feet clear, and the 
water I'nust be led through this bridge, so that the drainage-cut extends from 
the bridge to the Gorai river. Between the railway and the river, again, 
there runs a District Board road, which will have to be provided with a 
bridge to carry it over the proposed drainage-out. Now the first question that 
arises is, whether the drainage-cut, if constructed, will be liable to silt up 
and whether it is necessary to construct a sluice to exclude the silt, and also 
to exclude floods from the river. Enquiries made by the Executive Engineer 
seem to show that the floods of the Gorai river do not overtop its bank and 
enter the swamp. If, however, a cut is made, there would be a chance of the 
floods entering through the cut ; and hence it will be advisable to construct 
some sort of masonry ivork to exclude them. As regards silt, there will be a 
very good fall in the out, towards the river, and tfiei’e will probably be more 
danger of scouring than of silting; but if any silt were deposited, the 
villagers are prepared to clear it out themselves every year, so that no 
expense need be anticipated from that cause. The level of the swamp, when 
drainage will be in progress, will bo so much above that of the river, that 
we can choose any slope of bed that we wish. A slope of 9 inches per 
mile has been selected, as any higher slope might cause scour of tho bed and 
banks, the soil being friable and soft. As, however, the level of the river 
will be much below the level we wish to maintain at the tail end of the 
drainage-cut, it will be necessary to construct a regulator, to hold up the level 
iu the cut, and prevent excessive velocity. Thus the regulator will serve the 
double purpose of excluding floods from the river in the rainy season, and of 
maintaining the proper level in the cut during drainage. The next question 
is, where to locate the regulator. The banks of the river are unstable and 
cutting, and the soil is friable, so that any work situated on the river bank 
would be liable to be washed away; The site selected is about halfway 
between the railway bridge and the river. Between the regulator and the 
river, it is probable that scour will occur, but it will be in a place where it 
does not matter. 

In making our calculations as to the time of drainage we have to remem- 
ber first that the discharge has to be passed through the railway bridge, which 
lias a rather small waterway, and that consequently there will be a consider- 
able loss of head {i,e , a drop of surface level) at the bridge. But now it 
will, I think, be best to quote from the report I made on the subject, 
modified in one point after subsequent consideration. Tho final recommend- 
, ations are as follows. 

The Executive Engineer’s report may be accepted as regards the follow- 
ing points : — ( a) It is not required to drain the bhil during the rains, but to 
lower it nearly to the level of the existing floor of the railway bridge, within 
a reasonable time after the rains are over. (5) A sluice is not necessaiy or 
- desirable, for the reasons given, (c) Some measures are necessary to -exclude 
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floods froni the ihil. (d) The size of channel proposad by the District 
Sngineer is quite inadequate. ' • -- 

As regards (o), the existing floor of the bridge should bo lowered, for the 
reason that, as the level of the swamp falls to nearly the same level as the bridge- 
floor, the discharge over the floor will be very small, and the last foot of 
drainage will take a very long time. The bottom of the swamp is 2 feet 
below the existing floor, and I consider it essential that the floor should be 
lowered to this level, i.e., by 2 feet. 

As regards (b) and (e), although a sluice on the river bank is not desirable, 
it would be advisable to provide a regulator in the channel about midway 
between the railway and the river, to regulate the level in the channel, and 
prevent any scour near the head of the channel. The lower part of the channel 
may be left to scour if it likes. The regulator can also bo boarded up during 
the flood season, so as to prevent the floods from the river from entering the 
bAil. Further, the bridge on the District Board road must be given plenty of 
waterway so as to cause no heading up of level in the channel. Next, as to 
the size of the channel, I think the channel should have a bod-width of 30 feet, 
with side-slopes of 1 to 1, and it may bo given a longitudinal bed-slope of 0 
inches per mile. The channel will be “ fed ” by the discharge through the 
railway bridge, and the 'two discharges (of bridge and channel) must bo 
considered together. The discharges of the channel at various depths are 
shown in statement 1 attached. Now, supposing the floor of the bridge is 
lowered 2 feet and the bed of the channel is 1 foot below that again, the 
conditions will bo as shown in the diagram attached.* 

Assuming, as a trial value, that the head over the bridge (i.e., the difference 
of level between the surface of the swamp and channel) will bo 1 foot, then the 
depth in the channel will bo 7 feet, and the discharge through the bridge will be 

i 2 ' 

g C\/^ b d h 5 <?\/ 2g b 

=:§C^/^ b 

The coofTicient applicable to the sluice portion of the discharge is about 
0 ^ 2 ? = 6, In the weir portion there is no contraction, and the coefficient 
should be at least as high as for the sluice portion. Using these values, we 
have * 

y = 4 i aSs <? + A) 

That is, since b == 14*25, 

j = 57 (2 -h A) 

Now in this case our trial value of A is I, so that g = 570 c.f.s. 
Looking at statement I we see that this is almost equal to the channel discharge 
at a depth of 7 foot, viz., 562. This trial value therefore bolds good, and the 
“ head ” over the bridge will be just 1 foot. 

Next, when the level in the swamp has fallen to such an extent that the 
depth in the channel is U feet, we .shall have the channel discharge 428 c.f.s. 

and the bridge discharge 57 A^ (7*5 -f A). Thus we have to determine A, 

X 1 7*5120 

428 =57 A' 1^7*5 + h ) ; i.c., A^ = 

From this we find by trial that A = *82, very nearly. Then the level of the 
swamp will he 5*82 feet above the (lowered) floor. 

Next, when the channel depth is 5 feet, we have in the same way as 
above 

, 5*4013 

313 = 57 A^ (6 + A) ; ki =-^qrr 

By trial A is found to be =*63 feet, and the level of the swamp will bo 
4*68 feet above the (lowered) floor. 


* Set iliBgrom facing page 82 . 
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When the depth of the channel is 4 feet we shall have <? = 3 and 2 ' = 214, 
and to determine li 


214 3*7644 

"" ~ 57(4*8+*) ~ 4*5+/i 

By trial Ji is found to he ='65, and the level of the swamp will he 3*56 feet 
above the (lowered) floor. 

When tho depth of the channel is 3 feet, the value of d will be 2 and of 
q, 130, and we have 




2*2807 
“• 3+/i 


By trial h is found to ha = *44, and the level of the swamp will be 2*44 feet 
above tho (lowered) floor. 

When the depth of the channel is 2 feet, d will he 1, and q =: 64, and 

1*228 

" - 1 * 6 + 


By trial h is found to he=*36, and the level of the swamp will be 1'36 feet 
above the (lowered) floor.^ 

This is quite a sufficiently low level to drain the swamp to, and .we may 
now calculate how long the drainage will take. The calculation depends on 
the area of the swamp, which will of course become less and less as the level 
falls. No data as to the areas at different levels (other than full level) are 
available, so they have to he assumed. The area at full level is 7*5 square 
miles, and it will probably be on the safe side to assume that when the depth of 
the swamp has been decreased from 7 feet to 1*36, the area will not exceed 
2*6 square miles. , The areas at intermediate depths are filled in arbitrarily. 
Wo can now fill up columns 1 to 5 of statement n, showing the discharges 
and areas at the different depths. 

.The time of drainage, shown in the last column of the statement, is calculat- 
ed as follows. It is known that a run-off of r inches in depth from M square miles 

is equivalent to a continuous discharge of c.f.s. lasting for x days. Thus 
we have 

27i!f>’ 


Now, while the swamp is being lowered from 7 feet to 5*82 feet, we have 
the mean discharge 5 '=g (o624-428)=495 o,f.s. The mean area M iB=7 
square miles; and the run-off 1*18 feet=l4’16 inches. 

Hence — 


27x7x14*16 

495 


6*406 days. 


For the second period, from 6*82 to 4*68, wo have g'=370; if=6; 
>•=1*14 feet=13*68 inches.. 

Hence — 


X 


27X6X13*68 
■ 37 ^ 


=6*9896 days. 


For tho third period, from 4*68 to 3'55, w<ihave f=263 ; Jlf=5 ; r=13'56 
inches, and 


X 


_ 27 X 5 X 13*50 
283 


= 8*9603 days. 


For tho fourth period, from 3*55 to 2*44, wo haVo q= 172; M = 4 
r = 13*32 inches, and 


X 


27 X 4 X 13*32 
172 


= 8*3635 days. 


’M 
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For iho fifth poriod, from 2:44 to 1*86 we have ^ = 97 ; Jlf = 3 ; r = 12*96 
inches, and 

27 X 3 X 12*96 _ , 

X — — gy = 10*822 days. 


The above figures are entered (approsimately) in the last column of the 
table. 

Thus the swamp will drain nearly down to the esdsting floor level 
of the bridge in 27 days, and down to 8 inches below the existing floor 
level in 88 days. This will, if anything, more than meet the requirements 
of the cultivators. The maximum velocity through the Wdge will be 
about 6 feet per second, and there will bo a drop of 1 foot to the bed of the 
channel. To avoid scour, a masonry apron below the bridge will bo necessary. 
Summing up, the alterations necessary are as follows: — 

(1) The floor of tho milway bridge must be lowered by 2 feet, and 

an apron provided. 

(2) Tho dimensions of tho channol must be ; 80' bed-width; side-slopes 

1 to 1 *, longitudinal slope 9 inches per mile. 

(3) Tho bed of iho channel, at tho head, to be 8 foot below the existing 

bridge-floor. 

(4) Tho district road bridge must have ample waterway, so as to cause 

no obstruction or heading-up. 

(.5) A regulator should bo provided about midway between the railway 

and tho river. — 

Tho cstiiuatc should bo remodelled accordingly. 


Statement I. 

Shoieing diiehwget cf channel at carious depths. 


Drpih — 

«*« 


». j 



6’ ] 

1 

V 

DWclmrgp 5= 

! 

••• 

ar*=s 

01 1 

1 

ISO 

214 1 

313 1 

428 

662 


Statement H* 

^ — i 


Depth 

of 

(Tramp- 

Are.a 

of 

(Tramp. 

A 

Depth 

01 

rhanncl. 

Bead 

over- 

bridge. 

Diieharge 

of 

channel. 

Time 

of 

drainage. 

1 

a 

3 


6 

0 

• Feet. 

7-00 

6-82 

4-CS 

3*66 

2-44 

J-30 

8(1. milce. 1 
7-6 

e-6 

5*6 

4-C 

3*6 

2-6 

Feet. 

7 

6 

e 

4 

• 1 


O.f.a. 

B63 1' 
4281 J 

318 n 

2141 1 
JSOjl 
64 5 

Total ... 

Days. 

Si 

6 

7 

8i 

11 

88 
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IXC^) -MAGRA HAT DRAINAGE SCHEME. 

The calculatibns for this scheme are based mainly on the principles 
pointed out in Sections IV(S) and VII of these Lectnres, so that it will constitute 
a good practical example. It willi I think, only be necessary to quote the 
report on the revised rough estimates for the Magra BAt portion of the scheme, 
which runs as follows : — 


The removal of the outfall sluice from Usti to Diamond Harbour increases 
the length of the outfall channel by about 9 miles, without any compensating 
advantage in level, as the tide levels at both places are the same. This causes 
a flattening of longitudinal slope, and necessitates wider chaimels. Again, 
since the levels for the scheme were -taken, the Diamond Harbour Creek has 
silted up rapidly. From Usti to Bendal the average rise of level of the bod 
has amounted to 6 feet in the 2 J years that have elapsed. Both these causes 
point to a considerable increase in cost, and necessitate a revision of the 
calculations. 

2. In the former calculations the depth of water passing over the weir- 
wall of the sluice was taken^ as 4 feet, in calculating the breadth of 
weir required. In order to gain as muon slope as possible, it may now 
be taken as 3 feet only, and the wing- walls splayed out to ^ give the 
requisite breadth of weir. For the same reason the crest of the weir is lowered 
from + 2'00 to + 0-00 M. S. L. This fixes + 3*00 as the level of the surface 
[during free discharge, at low water) at the tail of the channel. The level^ at 
the head of the outfall depends on the flood-level over the country. First 
consider the high flood-level. In the previous report, the surface level of the 
channel at Hainan (the head of the main outfall) was taken as 6*4, which, 
allowing a slope of 0*264 feet per mile to lead “the water from the north part 
of tlie Kaorapokhar basins to Hainan, gave a flood-level of -1-8'617 three miles 
north of Andliarmanik, "With these levels, a rate of a flow of J inch in 24 hours 
was allowed for the channels leading to Hainan, as moat of the flow would 
occur over the ground itself. These subsidiary channels may remain as designed 
on that basis, but in dcsigningtbe main outfalls it isnotnow practicable to work to 
such low levels. Jn tlio flood of 1901 the levels at the sluices in the embank- 
ments varied from -f- 10*00 to-|-12'00. The height 10*50 may be taken ns the 
full flood-level and a rate of run-ofi of f"* per 24 hours may no allowed. With 
the levels at^thnt height, the whole country would he under water, and no 
slope need ho allowed for from the remoter parts of the swamps. The ground 
level in the Kaorapokhar basins is mostly between -h 6*00 and -}-7'00. It ie 
a little higher towards Surjipur. In the Snngrnmpur basin, on both sides of 
the Railway, it varies from about -f-7*00 to-f-S'OO, vrith only one or two 
lower places, of small area. The lowest level is in the great Joynagor swamps, 
which run from nbout-f-5*00 to-l-6*00. Thus, for a medium flood-level, a 
height of -h 9*00 will not give an undue depth over the ground. The lowest 
parts will ho drained after the top of the flood has run ofE,^ Two sots of 
calculations are made, both allowing a depth of 3' over the weir, with cut-off 
at 7', viz., (1) for a flood-level of 10*50 at Hainan 'and in the Joynagar swamp, 
with a run off of per day, and (2) for a flood-level of 9*00, with a run-off 
of *1* 

* 3, In the previous scheme the drainage from the Joynagar swamps was 
taken round viA Hainan, but, as tho waterway in tho Railway bridge at Magra 
Hftt is small, it will be moro economical to conduct this drainage through tho 
Sangrampur cut, as there is plenty of waterway in the bridge over tho Hazrn 
khal. 

’ 4 . The efficiency of the sldoo depends largely on the level of “ cut-ofiF,” 
t.a,, on the level at which tho surfaces inside end outside tho sluico coincide and 
discharge coases. Unfortunately this has not heon previously recorded in 
our observations at drainage sluices, and tho information will tako timo to 
collect, in tho present cose it will bo assumed that, disclmrgo ceas es (on a rising 

''' Tho aotunl rnlo of rnn-oIT will ho ’000 inobes. . 

f Ditto ditto *408 do. 

M 2 
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tide) when the levels stand at +7*00. On a falling, tide the level will bo 
higher, as- the water inside has been collecting and ponding up at the tail of 
the channel during high tide, but it will be on the safe side to take it at+7-00 
in both cases. The conditions are now ns follows. As the tide rises above 
the weir crest, the discharge becomes “ drowned,” but the level inside the 
sluice rises at_ the_ same time, until the levels coincide and discharge ceases. 
That IS, the tide rises from 0*00 tO“t“7*00 and the channel surface rises from 
+8*00 to+7'00 at the same time. 

5. The mean discharge during the period of “ drowning ” is a function of 
the discharges of both sluice and channel, and its determination is effected 
partly by analytical and partly by graphic methods, as shown below. The 
foinulm for the initial discharge, and the width of the weir, are derived 
from numbers 33, 84, 35 and 36 at page 17 of my paper on “‘Flood Drainage,” 
but with a slight modification, making them of more general application (see 
equations 78, 79, 80, 81 of Section VII of those Lectures). 

The notation used is as follows : — • . 
iLf=area of drained tract, in square miles. 
r=rato of flow-off per 24 liom-s, in inches. 

^a=time of “free ” discharge, in hours. 
tt=timo of partially drowned discharge, in hours. 

5 'o=rate of “free” discharge. 

3 '„=moan discharge during time t,. 
yjf=masimum discharge during time 

discharge daring whole tide. 

5„=width of weir. 

a;(,:=depth of flow over weir-crest at low tide. 


And the foimulm are as follows 
350il/>* 


(fl) ?.= 


t.+%h 


(i) 2s is doterminod by tho methods mentioned above. 
Jio 


C®) 10& 



13 


6. As a preliminary trial, tho outfalltChannols and weir wore designod co suit 
a discharge of 6,115 c. f. s. at low tide, with a woii* breadth of about 295 feet. 
Two sets of calculations were made, shown in Appendices II, III, IV, and V. 

At that time the value of — had not been properly determined, and the two 

5o 

sets of figures were assumed to represent rates of run-off of and f " respect- 
ively. These rates have now to be modified ; but it is believed tho_ scheme will 
be of suCSoiont capacity as designed, and the calculations will indicate the 
actual rates of flow-off which the different parts of tho scheme are capable of 
carrying. 

7* Tho channels were designed as follows. Tho first things was to 
determine the drainage area served by each channel. This is shown in detail 
in J^pendix I annexed. Appendix II shows the discharges in each channel, 
calculated at different rates of run-off. The values of q^ and qna are shown 
for tho outfall channels, reduced, for the upper reaches, proportionately to the 
areas served. Tho dimensions of tho channels are selected so as to give 
discharges ns nearly up to the maximum requiromonts as is practicable and 
suitable. The discharges worked to are shown in antique type in this statement. 

8. The detailed calculations for tho sizes and levels of the outfall channels 
are shown in Appendices III and IV. The bed-levels selected- are the lowest, 
and the width the greatest, resulting, from these two sets of calculations. The 
details of -the remaining channels are calculated in Appendix V, on the basis 
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adopted in the preylous estimate. As regards the outfall channels, the channels 
are proportioned so as to give flatter slopes, with wider beds, in the lower part 
of tho creek, where a good channel already exists, and comparatiyely little 
excavation is required ; reserving tho steeper slopes and smaller cross-suctions 
for the higher ground, as far as possible. In the Sangrampur outfall, the 
levels and length of channel necessitate a low slope all the way. The diversion 
cut at Diamond^ Harbour is through such high ground that it would be 
extremely expensive if a high slope were not allowed, and the short length of 
the cut allows of this being done. 

In the higher reaches, the efieot of tidal 'action is loss, thero is less 
difference between the maximum and mean discharges, and tho required 
discharges will be nearer those calculated on the basis of a continuous run-off. 

The cost of the channels is calculated in ^pendices VI and VII, which 
explain themselves. The “mean level of groundT or khal” for the Diamond 
Harbour Creek was calculated from the ci’oss-sections just completed, by 
plotting on them a channel with bed-width varying from 300' to 160', and 
taking out the actual quantities. For the smaller bed-widths as now designed 
thero will be less excavation at the sides, and the true bed-level of the creek 
will work out lower than shown, resulting in some saving. 

0.“ It may now be enquired what the actual rates of run-off will be, with 
the dimensions of weir and channels ns designed. The actual width of weir 
has been made 300 feet, but in the calculations tho figure 29C‘64 will be used, 
as it corresponds with tho discharge 6,138 c. f. s. which is tho figure given 
by these calculations. First of all, a cmwe has to be plotted showing the 
discharges of the channel at different depths. This is shown in Appendix VIII. 

. From this curve the dischargo at any intermediate depth can be found by 
scale, if required. The discharges are calculated from the formula — 

<3=100C?Av<O 

and the values of C are obtainod from Jackson’s Table II, for the value 
17= *0260, using proportional parts. Tho remaining quantities are calculated. 
The calculations are as follows : — 

At tail, channel level varies from 3*00 to 7*00 
„ „ depth „ „ 10' to 14' 

Length of channel = 16 miles 

Total fall, at low wator= 10*50— 300=7*5 feet. 

Moan slope, at low water=jff =0*47 feet per mile. 

It is assumed that discharge ceases at level 7*00. 

At low water, the level 7*00 is at (f4-X 16=) 8*53 miles from sluice. 

Then, for various depths, tho quantities are ns follows ; — 


Depths: ... 

10' 

11' 

12' 

13' 

14' 


8' 

4 ' 

6' 

0' 

r 

Moan slope= ... ... feet per 

mile. 

o-w 

0 3626 

0-236 

0-1176 

0-000 

r feet per 


•8626 

>fVO60 

Xl'OSO 


Slope in divcrBion ohnnnol j ®ilo. 


.47" X J Ul>»> 

•47 

•47 


^ per 1,000 

•20 

. •16 

•10 

•06 

■00 

JScd'TTjdth* 

ISO 

130 

130 

180 

ISO 

Aroa= A= ... ... 

1,400 

1,661 

1,704 

1,869 

2,016 

Wotted pcriinatoi=P= ... ... 

1G8'28 

IGlll 

103^91 

186-76 

169-60 

.H* ’’jj' — • I*** ••• 

8'84G1 

. 9 6270 

10’3g4 

11-148 

11-88B 

ei* 

•20 

•16 

•10 

•06 

•00 

JV=-0a6; 0= ... 

■87262 

•89333 

•02247 

•98266 


(from Jackson’s Table II). 






(i=:W0 O A^/WS= ... 

6,168 

6,264 

6,068 

4,318 

0 


From these results tho cui'vo shown in Appendix VIII is plotted. 
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10. The \?eir discharges are most conveniently obtained from Table V of 
my Lectures, because that formula gives tbe discharge in terms of z, and not of 
It. The Table is rraroduced as Appendix IX. The height z is measured from 
the weir crest, and its value at dmerent channel depths has been shown in the 
foregoing statement. Using the corresponding values of z and g therein shown 
we have next to calculate the corresponding values of F from the formula ’ 

F = — z~r~S.) where cv/%=5; 6=296'64, 
c<i/2g 4 *’ 


and then from tbe Table in Appendix IX to find what valnes of j correspond 
with these values of F^ and thence compute the corresponding values of y. Since 
we are dealing with a weir, the quantity — is equal to 1, and the last column of 
the Table is applicable. Tho results are shown below : — 


z= ... 


... 

3' 

4' 

5' 

6' 

r 

Q — • « • • • • 


... 

5188 

5264 

5068 

4313 

0 



.** ; 

•66GC7 

•44611 

■30783 

•19896 

0 

x 

« • « 

... 

• 

0 

•7620 

•8986 

•9570 

1-0 

!/= ... 

• « « 

• •• 

0 

■ 3-05 

4-49 

5-74 

7-00 


11. Wo have now calculated corresponding values of y, andy, and since 
y, in tbe case under notico, is proportional to the timo that has elapsed since 
“ilrowning” began, it follows that if a curve bo plotted with values of y as 
abscissie and values of q as ordinates, tho true mean value of q during the time 
of “ drowning ” will be given by the area of this curve, divided by tho maximum 

abscissa (f.c., 7 00) ; and the valuo of ^ is then obtained directly. 


In the diagram (Appendix X), tho value of ^ is ' the ratio of the curve 
0A5CJ3JJ to the rectangle OAAIS. 

(It may bo notod that if the tide did not rise at a uniform rate, tho corre- 
sponding values of y and t would have to bo obtained from tho tido-curvo, and 
the values of t plotted as abscissas to the q-ordinates, instead of the values 
of y.) 


In the present case tho area of the curve is as follows : — 


3 05 X 5,245 

... =15,997 


1-44x5,210 ... 

... '= 7,502 


1-25 x 4,730 ... 

... ~ 5,912 


0-26x4,160 ... 

... = 1,082 


1-00x2,850 ’ ... 

... = 2,850 

Total 

T*00 X 4j7o3 ••• 

••• s33|343 


Dividing ? 3,343 by 7, wo get tho voluo of tho mean ordinate, as 
4 1763 ; and .since the initial discharge q, is 5, 138, tbe value of the required 

ratio ^ is ) ‘927. 

q„ \5,138 / 

' Tho maximum discharge is about 5,201, occurring when fths of has 
elapsed. 
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12. Now returning to tlie formula (a) of paragraph 5 above the actual 
rate of run-ofE is found from the expression — 

?<> ^ 

■ 350ilf 

It is found by scale from the tide-curve given as Appendix 11 of my 
former report, dated the 5th September 1902, that t„ =4*1 hours and it =5-2 
hours. This gives, for the value of r — 

6,138 (4-14--927X5-2) _ 5,1 38x8-92 

350X215 350X216 

>•= ‘809 

That is, the run-o£F is at the rate of nearly ftbs of an inch in 24 hours 
instead of f" as at first assumed. This rate is probably sufficient. 

The lower rate of run-off used in the preliminary calculations will now be 

( '609 \ 

;^^X-6 = j*406, instead of as at first assumed. 

The dimensions of the channels may remain as designed. They are 
shown, with tbe estimated cost, in Appendices VI and VII, 
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APPENDIX L 

Statement timing drainage aieat tervsd Ig eaei elmnil. 


Dbainagb basin. i 

Lica. 

Obanncla in Eoman figurps, with aioaa served in antique figures. 

Eaorapokhar khal I ••• 

2i 


6—0, 

24 

> 

6,-r 

42 

>■ 

1 


1 

. 

1 


Eaornpokhar khal II 

18 


■ 

J 

7-4 

06 





Hotarklal 

14 

1 

S-7 

. 







Eaorapokkar klial III ... 

10 



J 

> 

1 

. 4-5 

113 

■ 


« 

SuTjipBt tlial 

25 

i 

9-10 

25 

10-4 

> tft 



■ 



Kaotajokbar kbal IV .. 

2 









Main onlfall obannel ... 

20 

« 






[ 6-20 


Joynagar khal 

14 

> 

1 

1 

14-12 

14 

09 

1 

1 


[ 191 


Xatta kbal •» 

10 


11-12 

10 

13-17 
’ 27 

« 


1 

> 

,20-0,-l 

215 

Dbanpota kbal ... 

1 




1 17-18 
36 




Sangnunpur kbal ... 

2 






18-16-6 
^ 50 



Dbanpota kbal 

5 


’ 

16-17 

5 



■ 



Sangiampnt kbal ... 

. 4 



. 






Sangiampnr kbal 

. 14 









Siicbandia kbal ., 

.. 28 


j 1-0 
( 28 



. Dendal, etc. 

.. 14 



• 






1 









Greek 


10 
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APPENDIX IL 


Slaleiiiint aiming diachargoa of mh ehatml at diffemt ratea of flow-off’,- 


Note.— T ho soloctcd diaohorgos an in hoavior typo. 


CHAHKSL. 

1 

BISOITABGB. 

6 

iUOWlEa FOIt lUIiL lIDi& 
AOTIOV. ' 

» 

ATCOiniHVOV8B.UK> 

OFF. 



Atrrcn'Oiltt*) 

8*oielrVMr;ettt 

cSalT. 

At 1'^ runooff ; (>) 
8' orer wolr ; cat 
Off at 7'» 

1". 

r. 

4". 

1 

• > 

D 

3 


6 

0 

7 

8 

9 

... .« 

Crook ... ... ... fl— 0 , 

Crook, to Benda! ... 0 .— SO 

Ortok, JleDdal to 0.(t SO- 0 

Outfall, nm to JfaInQtt S— 4 

Creek, N.ini KIml 6-10 

Eaigtampor outfall /lO-lB 

_ Ditto 18 -iJ 

::: - fc? 

Kttorapokbflr khal 7<-a, 

Ditto 6,-0 

. ”'**?• . oonnoelioBoIionnel ,4-10 

ourjlpur kbol .,. 10-0 

* fl7-M 

J.yuagnrnna kattu kbalo. and onitall 

Dkanpoto kbal if — 18 

Srichatmm uial (h- 1 

Cotmertiag ohonael ... * ... u— lO 

SIS 

216 

fllS 

101 

113 

00 

60 

SO 

00 

14 

40 

24 

27 

» 

27 

24 

14 

10 

C 

£6 

3410 

3.410 

3.410 

8.020 

1.702 

703 

708 

671 

428 

881 

Ml 

.M • 

OaiiB, 

2.894 

5.116 

6.115 

6.115 

4.544 

2.688 

1.100 

1.100 

8S7 

4,341 

::: 

I.. 

1.* 

4,330 

4.330 

4.330 
8,8S2 
2,970 

1.008 

720 

3.331 
S92 
847 
4U 
045 
004 

546 

484 

282 

£02 

101 

505 

2,800 

2.690 

2,810 

S,S6S 

i.sia 

0T2 

0j8 

484 

888 

168 

504 

322 

SOI 

330 

304 

828 

168 

m 

08 

870 

1.448 

l,4iS 

1.445 

1,284 

7S8 

330 

336 

£42 

444 

94 

2B2 

101 

162 

108 

182 

101 

84 

67 

34 

18S 


(|[) NoTB.^Tho netoa] rate of fDa*oir viH be ‘OOD laAoe. 
n Sitto ditto *400 do. 


APPENDIX in. 

Statement aiming leoela and aitca of clmnela to auti 1*0 riin-off', with S' depth over weir, and out-off’ at 7', and S'OO 

flood ievel in awampa. 


CHatltlkL LltTIEUPD, 

Bmuired 

diecnargo. 

LctqI 

LOKOITVDIHAI 
Si;0PE OF 
SVBFACB. 

Doptli. 

Bed 

Ca!cn!atod 

Iicniitb. 

Total 

eurtfloo 

foil. 

BobuHIsb 

Burf&co 

lOTO!* 

Roiultlns 

bed 

!o7b1. 

Selected 

loTol. 

s 

RB1UBK0. 

Aurlaco 

Pot 

1,000. 

root ’ 

Hidth. 

dUebnrgo, 




pw 

milo. 



’ 







1 

2 

n 

■ 

n 

n 

n 

6 

0 

10 

11 

la 

13 

14 

PiTOrsion 

{ d.DO 

} S'OO 

0*10 

0*702 

Ft 

10 

Ft. 

100 

^402 

i 

0*495 

( 3*0I» 
t 3*496 

.7*00 

-0*00 

-7*00 

-7*00 


0 

0| 

] 3,410 

... 

0*06 

0*^61 

10 

170 

8,003 


0*390 

f 8*105 
\ 8*691 

-0*00 

-c*n 

-7*00 

-7*00 

. 

"i 

:o (Ilendtl) 

} 3,410 

... 

0*05 

O'SSI 

10 

170 

3,002 


0*021 

r S’SOi 
( 4*610 

-0*11 

-0*19 

-7*00 

-0*00 

, 

20 (Bcodal) 

5 (llstl) 

} 3,029 

... 

0*03 

0*4,221 

10 

120 

8,084 


1*661 

r 4*815 

1 0*8W 


-O'OO 

-0*00 


6 (Vm!) 

e (Nmnan) ... 

} 1,709 

0*140 

0*08 

0'1,£21 

■ 

60 

i,717 

H 

f 8,740 
t 0,145 

0*899 
O'] 10 

-2*00 

40*10 

-4*00 

-roo 

' 

s (tistlj ... 

Itl (Eangrampor) ... 

} 703 

... 

0*05 

O'SOI 


SO 

882 


O'COO 

f C'890 
1 7*060 


-8*00 

-2*31 


10 

18 

} 703 

... 

0*03 

0‘20i 

■ 

so 

-083 


1*060 

f 7*050 
1 8*110 

-1*01 

-0*88 

1 1 


38 

17 

} 071 

... 

0*06 

0*204 

8 

40 

677 

H 

D*S!8 

f 8*115 

i. 8*013 

■I-O'IO 

40*01 

-0*28 

40*81 


17 

13 

} 453 

... 

0*03 

0‘£C| 

8 

30 

437 ■ 

’1 

0*330 

; 8*013 

t 8*073 

40*01 

40*97 

40*04 

4007 


13 

12 

} 331 

... 

0’03 

0‘2m 

6 

£3 

SC7 

1 

0*201 

f 8*078 
1 0*237 

40*07 

41*21 

40*07 

+1*81 


13 

10 

} "• 

... 

... 

... 


■••* 

... 

... 

». 

.„ ' 

..4 

... 

' 


(>) III. netiuil »t« o! vUI b. '400 liioboo i 
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APPENDIX IV. 


Statement eJioaing levels and sises of Channete to eiiit |'(*) incA rua-of', teilA S' depth over 
weir, and cut-off at V and lO'SO flood-level in ewantpe. 


CniNKSi 

XXTXSBSS* 


BNinlrod 

dis- 

chsiKO. 

SottI of 
inrfaee. 
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APPENDIX 7: 

Statement ehoicing kcele and eizes of inland ckannehf euitcd to run-off of i . 
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APPENDIX TL , 

Sialement s/iowOiff liitmiama tin^ coal of chamieh aa deaigned. 
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APPENDIX Vn, 
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APPENDIX IX. 


The figures in the body of the table are values of JF, where 


and q=iFci\/Zgb Dx^ 

Koir, — cannot oxcccd In caao tlio notnnl value ol » exceeds J>> dednci (ho qnentlly (y— D) Iiom the nctnel values ol 

SB tB 

both X and y, and nse these rednced values for rotorenco In the table. 
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X.-ENQUIRIES INTO DRAINAGE SCHEMES. 

I will, iu conclusioa, indicate briefly the main points which have to be 
enquired into when investigating schemea for flood-drainage. The nature 
and scope of the works will, of course, depend on the object to be attained, 
and it will be necessary to enquire what* their object is, and what is the 
nature of the damage it is intended to remedy or prevent. If the object is 
to avert damage ■ to standing crops during the rainy season, the works 
must be of sufficient capacity to carry off the rainfall in sufficient time 
to prevent the crop from being destroyed. It must be remembered that 
rice tvill, as a rule, bear being submerged for seven days without being 
killed. A certain .amount of water, too, is held up b]^ fleld-ridges, &c., 
and some is absorbed, so that it is not necessary to provide for carrying oiS 
the whole rainfall at the same rate that it falls. The usual allowance in 
Lower Bengal is to provide for a run-off of f inch in 24 hours, over the 
whole of the catchment area. Do not make the mistake of calculating 
your run-off over only the low-lying part, which forms the swamp proper. 
If, on the other hand, the object is to reclaim land, not by draining it during 
the flood-season, but by drying it after the rains are over, so as to enable 
cold-weather crops or “ loro ” ihan to be sown, you will have to enquire 
from the cultivators by what date they require tho land to be dried, and you 
will have to calculate the time in which your channels will achieve this object 
in the way I have indicated to you. 

As regards tho observations to be made, tho whole' locality should bo 
carefully examined, so as to determine the general extent of flooding, tho 
sources whence the water oomes from, and the best direction in which to drain 
it off. The general direction of tho slope of the land (if there is any slope) 
and tho locality and direction of flow of tho natural drainage channels (if 
such exist) should bo determined. Having determined the direction in which 
tho drainage should bo conducted, the capacity of tho outfall is of the first 
importance. If it is a liver, its capacity should be ascertained by velocity 
qbseiTations, so as to determine whether it will be able to carry off the extra 
volume it is proposed to throw into it, If the outfall is tidal, a gauge should 
be erected, and tidal observations token over as long a period as practicable 
during the time of year that drainage will bo in progress. Even if the outfall 
is of sufficient capacity, its liability to silt up and thereby become useless must 
be most carefully considered. In case there are any rivers or streams coming 
into the area to bo drained, tho amount of water they bring in must be carefully 
determined by observations extending over the time of year that tho drainage 
will have to be carried out. Tho rospeotivo levels of the outfall and of tho area 
to be drained arc absolutely essential, and must bo very carefully ascertained. 
Lines of flying levels should bo run across the area to bo drained, to determine 
the general level, and tho level of the lowest part. These linos should be 
sufficiently numerous, if practicable, to determine the area of the flooded 
tract at various levels, from full flood level down to tho lowest level. It will 
not, as a rule, be possible to inn complete contours, at any rate for a preli- 
minary estimate, but in a finished scheme it may bo necessary to do so, not 
only to dotermine tho area but also for purposes of assessing the cost on the 
cultivators of lands situated at different levels ; tho low-level lands receiving, of 
course, more benefit from tho scheme than tho fields at higher levels. The 
area of the whole catchment area must also be ascertained. The existing 
flood-levels must be carefully determined, though they may, of course, be 
somewhat altered by tho operation of the drainage works, -when constructed, 
and you will have to take into consideration, in making your calculations, tho 
effect which tho di’ainnge works will probably have on the flood-levels. 
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